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Abstract
Integral membrane proteins (IMPs) play a central role in cell communication with the
environment. Their structures are essential for our understanding of the molecular mechanisms of
signaling and for drug design, yet they remain badly underrepresented in the protein structure
databank. Solution NMR is, aside from X-ray crystallography, the major tool in structural biology.
Here we review recently reported solution NMR structures of polytopic IMPs and discuss the new
approaches, which were developed in the course of these studies to overcome barriers in the field.
Advances in cell-free protein expression, combinatorial isotope labeling, resonance assignment,
and collection of structural data greatly accelerated IMP structure determination by solution NMR.
In addition, novel membrane-mimicking media made possible determination of solution NMR
structures of IMPs in a native-like lipid environment.

Introduction
Structural studies of integral membrane proteins (IMPs) show impressive progress with
more than 100 new structures determined in the last two years (http://www.pdb.org, X-ray
structures: http://blanco.biomol.uci.edu/mpstruc/listAll/list, NMR structures: http://
www.drorlist.com/nmr/MPNMR.html). Advances in the production of isotope-labeled IMPs
as well as the development of solution NMR-based techniques for structure analysis have
resulted in multiple new NMR structures of IMPs [1**,2**,3**,4]. Recent introduction of a
rotational alignment solid state NMR method [5] has allowed the determination of IMP
structures in a lipid bilayer under physiological conditions [5,6*]. Concurrently with the
advances in NMR techniques, improvements in IMP production and crystallization have
contributed to the growing number of X-ray structures of medically relevant IMPs [7,8].
However, in spite of this progress and the fact that membrane proteins constitute almost
30% of the proteome [9], structures of IMPs represent less than 1% of known protein
structures (http://www.pdb.org).

Of all deposited protein structures, only approximately 11% were determined by NMR
spectroscopy (http://www.pdb.org). However, for the most difficult and desired targets,
human IMPs, this percentage is much higher: thanks for recent improvements in solution
and solid-state NMR methods almost half of 37 known unique structures of human IMPs
were determined by NMR spectroscopy [3**,6*,10,11].

© 2013 Elsevier Ltd. All rights reserved.

Corresponding author: Choe, Senyon (choe@salk.edu).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Curr Opin Struct Biol. Author manuscript; available in PMC 2014 August 01.

Published in final edited form as:
Curr Opin Struct Biol. 2013 August ; 23(4): 555–562. doi:10.1016/j.sbi.2013.05.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.pdb.org
http://blanco.biomol.uci.edu/mpstruc/listAll/list
http://www.drorlist.com/nmr/MPNMR.html
http://www.drorlist.com/nmr/MPNMR.html
http://www.pdb.org
http://www.pdb.org


It has to be said that with a few exceptions [1**,2**,6*,11–15,16*,17], NMR spectroscopy
deals with small IMPs. This is because a large size of a complex of a polytopic IMP with
detergents or lipids, together with the internal mobility of the IMP's TM helical bundle,
causes fast relaxation and strong non-uniform broadening of NMR resonances and, as a
result, multiple problems with signal assignment, spectra analysis, and detection of long-
range interactions. These limitations can only be overcome with new technologies. Some
recent technological improvements in cell-free protein synthesis, selective isotope labeling,
and systematic paramagnetic labeling and data analysis, have already made the
determination of the structures of several polytopic α-helical IMPs possible [1**,2**,3**],
but many more are needed.

In this review we discuss new IMP structures obtained by solution NMR [1**,2**,3**,4]
together with new strategies combining advanced methods of IMP production and isotope
labeling with significant improvements in data collection and analysis.

New solution NMR structures of IMPs
New solution NMR structures of full-length polytopic α-helical IMPs, mouse Mitochondrial
uncoupling protein 2, UCP2 [1**], bacterial Proteorhodopsin [2**], and six human IMPs
[3**] have recently been reported (Figure 1). Also, the structure of Pseudomonas aeruginosa
β-barrel outer membrane protein H, OprH, was calculated based on solution NMR data [4].
A combination of solution and solid-state NMR methods was used in the determination of
the pentameric structure of rabbit Phospholamban in lipids [18]. UCP2, OprH, and
Phospholamban were produced in E. coli cells, while both Proteorhodopsin and the human
IMPs were synthesized using a similar setup of an E. coli-based cell-free (CF) system [19]
and assigned with the assistance of combinatorial labeling approaches [20,21]. For the
studies of UCP2, Proteorhodopsin, and the human IMPs, a systematic collection of
paramagnetic relaxation enhancement (PRE) data was instrumental in overcoming the
shortage of long-distance NOE data. For UCP2 and for five human IMPs the PRE data were
the sole sources of long-range distance constraints (Table).

In case of UCP2, a severe overlap of backbone (1H, 15N) resonances complicated the NOE
data collection. Therefore, the secondary structure of UCP2 was determined by a molecular
fragment replacement approach using residual dipolar coupling (RDC) data collected from a
weakly aligned sample. In a calculation of the tertiary fold of UCP2, RDC and PRE data
were used to define the orientation and spatial arrangement of the secondary structure
elements respectively [1**].

A side chain assignment of Proteorhodopsin became possible with the use of the stereo-array
isotope labeling (SAIL) technique [22]. This technique allowed extraction of essential long-
range inter-helical distance constraints between methyl groups and tryptophan side chains
using non-uniform sampled 4D [13C, 13C]-separated NOESY of the protein sample with
selectively labeled amino acids. Nevertheless, the majority of long-range distance
constraints used in Proteorhodopsin structure calculation were derived from the PRE data
collected from 13 single-cysteine mutants [2**].

Kalmmt et al. [3**] selected six small polytopic human IMPs for structural analysis from a
large number of human IMPs efficiently screened by the CF expression system. In 18
months they determined backbone structures of the selected human IMPs using the powerful
combination of CF-assisted amino acid type (AAT) selective isotope labeling, fast NMR
assignment using combinatorial dual labeling (CDL) approach [20], and fast PRE data
collection for long-range distance constraints [3**] (Figure 2).
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Production and isotope labeling of IMPs
E. coli expression system is often a system of choice in IMP structural studies because of its
low cost, flexibility [23,24,25*], and already developed labeling approaches [26]. However,
it is no panaceum for overexpression of eukaryotic IMPs in prokaryotic cells due to
substantial differences between protein assembly machineries [23]. Finally, prokaryotic cells
cannot provide posttranslational protein modifications, which are detrimental for folding and
function of many eukaryotic proteins.

As an alternative to the E. coli expression system, expression in yeast, insect, or mammalian
cells has become a common source of eukaryotic IMPs for X-ray studies. An overexpression
of stable and functional uniformly 13C, 15N-labeled Rhodopsin in Pichia pastoris using
minimal defined medium was recently reported [27]. New media, based on yeast
autolysates, were recently developed for reduced-cost production of isotope-labeled IMPs in
insect and mammalian cells [28,29].

Cell-free (CF) expression systems, based on E. coli, wheat germ, or insect cell extracts have
proven effective in overcoming many limitations inherent in in vivo expression of different
proteins, including IMPs [20,30,31]. A presence of membrane mimetics in a CF reaction
mixture can support direct expression of solubilized IMPs [30,32,33,34*]. Alternatively,
IMPs can be expressed in the absence of a hydrophobic milieu, precipitate, and be
subsequently solubilized in a mild detergent [20,30]. Since the target protein is the only
labeled protein produced in a CF reaction, a purification of an NMR sample can be
minimized or even eliminated for precipitant IMPs [20]. A high yield of the IMPs, above 1
mg per 1 ml of reaction mixture, and a small volume of CF expression chamber (20-60 ml
for preparative scale expression, which is 20-100 times smaller than for typical in vivo
expression) keep the costs of isotope labeling reasonably low even for of triple-labeled
samples [20]. Excellent reproducibility of the CF system has enabled expression screening
in small volumes (below 100 ul) of 134 targets from E. coli inner membrane [35] and 150
human integral membrane proteins [3**] (Figure 2). Customizable CF systems have
excellent potential for further development, which may lead to post-translational
modifications of expressed proteins. For example, establishing the right redox potential and
the right amount of catalytic enzymes resulted in successful CF expression of natively-
folded disulfide-rich mammalian proteins [36*].

Selective labeling of proteins with stable isotopes, as well as selective back-protonation or
“unlabeling” of deuterated proteins, is extremely useful in NMR studies of IMPs
characterized by overcrowded spectra and fast NMR signal relaxation. Selective labeling
with 13C and 15N and unlabeling with 1H are aimed at obtaining NMR-visible atoms or
group of atoms on an “invisible” background, in other words, at selective NMR
visualization.

An E. coli expression system allows relatively inexpensive NMR-visualization of specific
groups by using amino acid precursors in minimal media [26]. However, complex amino
acid metabolism in E. coli causes cross-labeling and label dilution in AAT-selective
labeling. In prototrophic E. coli strains AAT-labeling can be done only with histidine,
lysine, methionine, and alanine [37]. To amend this problem, Lin et al. [38] developed a
library of 20 auxotroph E. coli mutant strains for selective isotope labeling of other amino
acids and their combinations. On the other hand, selective AAT-labeling in insect and
mammalian cells is quite efficient due to very little, compared with bacterial systems, cross-
labeling problems.

The best approach to ATT-selective labeling, however, comes from CF systems, which are
characterized by very limited amino acid metabolism and small volume of reaction, and, as a
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result, provide efficient and low cost labeling. The limited scrambling and dilution of
isotope labels can be almost eliminated by an inhibition of specific enzymes in a CF reaction
[39–41]. Several approaches for AAT-selective labeling in CF systems were introduced to
accelerate the resonance assignment [20,21,42]. Substantially reduced amino acid
metabolism and small volume of reaction make SAIL-labeled amino acids affordable [22].
Reckel et al. extensively used SAIL approach [22] to reduce signal overlap, perform
stereospecific assignment, and obtain long-range distance constraints for the calculation of
Proteorhodopsin structure [2**]. Recently, Loscha and Otting [43*] described a way of
partial stereospecific 2H-labeling of glycine in CF reaction, which simplifies the process of
stereospecific assignment of glycine's Hα protons.

Additionally, it is noteworthy that Fluorine labeling of IMPs is also under continuous
development. A covalent modification of cysteines with 19F-labeled compound was used to
describe conformational changes in β2-adrenergic receptor [44*]. 19F-labels incorporated
into DAGK with unnatural amino acids were used to evaluate the protein dynamics in DPC
micelles and in the native E. coli membrane [45,46].

Accelerated NMR analysis of MPs
Fast assignment based on selective labeling

The classical sequential implementation of NMR resonance assignment is particularly
laborious for α-helical IMPs because of signal overlap and very fast relaxation, which
hampers many experiments designed for sequential assignment [47]. An alternative
assignment method utilizes selective dual 15N- and 13C-labeling and detection of
heteronuclear 13C-15N spin coupling through a peptide bond in proteins [48]. The alternative
method generated several combinatorial labeling approaches which use different subsets
of 13C- and/or 15N-labeled amino acids in each sample in order to reduce the number of
samples required for the assignment as compared to one-by-one selective labeling [49]. As
many as 70% of the backbone 1HN, 15NH, and 13CO resonances, which are evenly
distributed throughout the sequence, can be unambiguously assigned using 6-8
combinatorial labeled samples [20,21,49]. Additionally, such combinatorial assignment
defines the type of amino acid for all cross peaks in an [1H-15N]-HSQC spectrum.

Two approaches, which were specifically developed for NMR analysis of IMPs,
combinatorial dual-labeling (CDL) strategy [20] (Figure 3) and UPLABEL algorithm [21],
calculate the optimal labeling scheme depending on the sequence of the protein. Such
customized schemes balance the number of samples required for the assignment and the
complexity of spectra for each labeled sample. Starting from the results of this assignment,
the standard sequential assignment of IMPs was tremendously accelerated yielding an
assignment for >90% of backbone resonances in a few weeks [3**,20]. This was also
possible because combinatorial dual 15N- and 13C-labeling schemes use two short and most
sensitive heteronuclear NMR experiments, [1H-15N]-HSQC and HN(CO) (Figure 4). An
ability to obtain backbone assignment by utilizing simple 2D heteronuclear NMR
experiments gives rise to the idea of de novo backbone structure determination, which is
based on fast assignment and structural constraints derived from 2D [1H-15N]-HSQC-type
experiments.

Fast data collection for structural restraints
The chemical shift index (CSI), a byproduct of NMR resonances assignment, gives very
useful information about protein secondary structure [50**] and, complimented with
distance constraints between the secondary structure elements, allows determination of the
protein's 3D fold. The paramagnetism-based data, PRE and pseudocontact shifts, can be
obtained for backbone atoms using 2D [1H-15N]-HSQC-type experiments and converted
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into distance constraints up to 40 Å. The determination of many recent IMP structures [1**,
2**,3**,12,13,20,51,52] (summarized in Table) relied on the PRE data, obtained using
sulfhydryl-specific spin-label [53]. During last decade the PRE data became a major source
of long-range constraints for membrane proteins deficient in NOE-derived long-range
distance constraints.

The sulfhydryl-specific spin-labeling [53] requires a design of a number of target protein
mutants with a single accessible cysteine at strategic positions. This is a crucial step in the
PRE experiment because the positions and the number of the spin labels in TM domains
determine the completeness of the distance constraint set, which is a very important factor
for the success of structure calculation [54*,55*]. A flexibility of the region containing a
mutated cysteine substantially increases an error in calculated distance constraints [3**,13].
Several works describe important details of the spin labeling technique for structural studies
of IMPs [3**,12,54*,55*,56,57].

Structure calculation based on PRE distance constraints
The PRE effect is usually quantified based on the drop in the intensity of the cross-peak in
2D [1H-15N]-HSQC spectra recorded for the diamagnetic and paramagnetic samples [58] or
as a difference in transverse relaxation rates measured in two-time-points experiments for
paramagnetic and diamagnetic samples [59]. The direct distance calculation [1**,2**,3**,
12,51] and the qualitative analysis of PRE-induced drop of cross- peak intensities [13,20,60]
were used to derive the distance constraints between HN protons and the unpaired electron
of the spin label. The constraints cover distances in the range between 12 and 25 Å,
depending on the size of IMP-detergent complex and the protein's internal mobility [58].

It should be noted, that the precision of the PRE-based constraints obtained for the spin-
labeled protein is usually lower than the precision of the constraints derived from NOEs
(discussed in [58,59]). In the calculation of distance constraints the errors, which came from
the estimation of a correlation time and the measurements of linewidths and intensities,
usually do not exceed 15% if the ratio of cross-peak intensities in paramagnetic and
diamagnetic samples is between 0.15 and 0.80. However, while the dynamics of the spin-
labeled side chain is assumed to be restricted [57,61], uncertainty resulting from protein
internal dynamics can substantially increase the error for the distances calculated from
averaged PRE data [62]. All factors combined contribute to the relatively large error of ±2…
5 Å for PRE-based distance constraints [3**,56]. In spite of the large error, carefully
obtained, extensive sets of long-range PRE-based distance constraints were shown to be
sufficient for the calculation of the backbone structure of α-helical and β-barrel IMPs [1**,
3**,54*,56] (Table 1). The availability of additional constraints (long-range NOEs, RDCs,
etc.) considerably improves the quality of structures including details of side chain packing,
and allows determination of the structure of the extramembrane loops [2**,12].

New membrane-mimicking media
Solubilization of IMPs in a membrane-mimicking environment is a very important step in
solution NMR studies. Substantial efforts had been devoted to develop Nanodisks, new
membrane mimetic media, which are closest artificial media to the natural membrane
phospholipid bilayer environment and suitable for solution NMR studies of IMPs [63].

The major advantage of Nanodisks is the absence of detergents, which may affect the
structure of the extramembrane regions of an IMP or disrupt interactions with a ligand. In a
recent study, Hagn et al. [64**] designed several novel Nanodisks media with reduced sizes.
Bacteriorhodopsin and outer membrane protein X, OmpX, incorporated into these
Nanodisks show ∼30% reduced apparent correlation time compared with the time measured
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in original Nanodisks media. The reduced-size Nanodisks environment combined with a
high level of deuteration of both the protein and the lipids allowed resonance assignment
and structure determination of OmpX [64**].

Conclusions
Current progress in structural studies of IMPs by NMR spectroscopy relies on synergetic
approaches, which merge innovation in protein synthesis, sample preparation, data
acquisition and analysis, and structure determination methods. However, future development
of isotope labeling methods, especially those for proteins expressed in eukaryotic cells, and
of methods for protein post-translational modifications in CF systems, is necessary for IMPs
studies. Additionally, the advancement in the design of new membrane mimicking media
capable of preserving the structures of both TM and extramembrane regions of IMPs and
suitable for solution NMR continues to be an essential task. The current status of acquired
knowledge and implementation of innovative methods allow a favorable and optimistic
projection regarding the impact which solution NMR studies will have on the structural
biology field in the coming years.
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Highlights

Solution NMR studies of polytopic integral membrane proteins

Fast structure determination of mammalian integral membrane proteins

Cell-free synthesis and combinatorial labeling accelerate structural studies

Paramagnetic relaxation enhancement became a major source of structural data

Solution NMR structure of membrane protein in lipid nanoparticles is feasible
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Figure 1.
Recent new solution NMR structures of polytopic IMPs. The TM helices are colored in the
following order starting from the N-terminus: green, blue, orange, dark violet, brown,
magenta, and red. Non-TM helices are shown in gray. The PDB codes are indicated under
the protein names. Figures are prepared using the Molmol program [65].
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Figure 2.
Flowchart of high-throughput cell free expression screening and cell-free assisted
accelerated structure determination.
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Figure 3.
Protein sequence analysis using combinatorial dual-labeling strategy [20] for accelerated
assignment. From a distribution of amino acids in a sequence, represented as a matrix of
amino acid pairs (A), MCCL program (http://sbl.salk.edu/combipro) calculates the
combinatorial dual-labeling scheme (B) for maximal possible assignment with available
amino acids (E). Each type of the amino acid pairs (A) in a protein sequence receives an
assignment tag (C) according to the labeling pattern of the peptide bond between the two
amino acids in the pair in each sample (0 – no 15N labeling of the peptide bond; 1 – 15N-
only; 2 – 13C and 15N labeling).

Maslennikov and Choe Page 14

Curr Opin Struct Biol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://sbl.salk.edu/combipro


Figure 4.
Accelerated assignment using the CDL strategy [21]. (A) The CDL samples are expressed
simultaneously in the CF system according to the CDL scheme and solubilized in the same
buffer. The 1H-15N-TROSY-HSQC and HN(CO) spectra are acquired for each CDL sample.
Panel (C) shows superposition of a fragment of 1H-15N-HSQC and HN(CO) spectra for each
CDL sample. Analysis of the spectra reveals the assignment code (D) for the cross peak in
each sample (according to the rules (B): 0 – absent in both spectra; 1 – present only in
HSQC; 2 – present in both HSQC and HNCO). Each of 1H-15N cross-peaks is assigned by
matching the tag of codes derived from the spectra (D) with the code pre-calculated using
the CDL scheme (E).
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