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I
n PNAS, Renault et al. (1) describe
an advance that will help reveal the
atomic details of membrane proteins
in living cells. Membrane proteins

comprise one-third of all cellular proteins,
including biologically crucial molecules
such as ion channels, G protein-coupled
receptors (GPCRs), and transporters. The
GPCR superfamily alone comprises nearly
half of our current drug targets. Despite
their importance and prevalence, relatively
few membrane protein structures are
known. Of the more than 20,000 unique
high-resolution protein structures in the
Protein Data Bank (www.pdb.org) (2), less
than 0.5% are membrane proteins. The
paucity of membrane protein structures
reflects difficulties in preparing sufficient
quantities of protein for structural studies
as well as technical challenges faced by
both X-ray crystallography and NMR
spectroscopy.
The ability to obtain a crystal structure

depends on the regular 3D spacing of
protein molecules in a crystal lattice. It
could be considered a stroke of luck that
proteins even form crystals, because there
is no selective pressure favoring crystalli-
zation. Moreover, membrane proteins are
often especially difficult to crystallize be-
cause at least a part of every membrane
protein lies within the hydrophobic envi-
ronment of the bilayer. This hydrophobic
component often resists ordering, leaving
the job of stabilizing the lattice to in-
termolecular interactions between solvent-
exposed regions of the protein.

Solution-State NMR
NMR can give atomic-level information
about proteins without the need for crys-
tals (3). In essence, a structure is obtained
by analyzing a list of atom identities and
distances between them. In NMR, this
distance information resides in the dipolar
coupling between nuclei. In solution
NMR, where the sample is dissolved in an
isotropic medium (e.g., aqueous buffer),
the fast random tumbling of proteins
averages the dipolar coupling to zero. This
averaging gives rise to sharp signals, which
allows the assignment of individual signals
to specific atoms. Importantly, even
though the dipolar coupling is averaged to
zero, the distance information is not lost.
It can be retrieved from changes in signal
intensity by using experiments that mea-

sure the nuclear Overhauser effect. Un-
fortunately, proteins in real membranes
and artificial liposomes do not tumble fast
enough to average out the dipolar cou-
pling. The resulting broad signals make
assignment impossible, obviating efforts to
derive a structure.

Solid-State NMR
Enter magic-angle-spinning solid-state
NMR (MASssNMR), the technique
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that Renault et al. (1) use. Whereas
solution-state NMR requires tumbling,
MASssNMR requires the opposite—solid
samples with limited motion. When most
of the residual motion is eliminated (e.g.,
by freezing) and the sample is rotated
rapidly about an axis tipped at the so-
called “magic angle” (54.7°) with respect
to the magnetic field, the dipolar coupling
“disappears” and narrow signals emerge
(3). These beautiful spectra, however,
come with a price. The distance in-
formation is lost. Efforts by many spec-
troscopists over many years have yielded
methods to reintroduce enough dipolar
coupling to yield assignments and dis-
tances but not enough to broaden the
signals into the baseline (4). With magic-
angle spinning, the solution NMR re-
quirement for rapid tumbling no longer
applies; therefore, the size of the protein
and its requisite membrane component is
much less of a problem. Thus, MASssNMR
makes structural analysis of membrane
proteins an achievable goal.

Previous Studies
Independent of whether crystallography or
NMR is used, however, nearly all attempts
to obtain structural information about
membrane proteins ignore the intricacy of
their natural environment. Biological
membranes contain a diverse set of lipids,
small molecules, and proteins, and the
function of the membrane proteins can
depend on subtle combinations of these

components (5). Nevertheless, almost all
structural efforts undertaken so far involve
removing the protein from its native
membrane, replacing the natural lipids
with detergents to facilitate protein puri-
fication, and then reconstituting the puri-
fied protein into a simplified membrane or
membrane-like environment.
Clearly, it would be preferable to study

membrane proteins in natural membranes.
Given the difficulty of obtaining crystals of
membrane proteins even under simplified
conditions, however, the goal of using na-
tive membranes in crystallography is in-
credibly challenging. NMR would appear
to be better suited to provide structural
information under physiologically relevant
conditions. Until recently, however, bac-
teriorhodopsin was the only protein that
had been structurally characterized in
natural membranes with MASssNMR
(6–10). Last year, we showed the feasi-
bility of analyzing a small recombinant
transmembrane peptide in native Escher-
ichia coli (E. coli) membranes (11). These
studies were performed ex vivo, that is, on
membrane samples that had been re-
moved from cells.

Current Studies
Renault et al. (1) go an important step
further by improving the conditions for ex
vivo measurements and, most importantly,
by examining membrane proteins in living
E. coli cells. A major challenge to studies
using native membranes is the presence of
background signals from other membrane
components. A partial solution is to in-
corporate NMR-active nuclei into the
protein. Renault et al. (1) use this strategy
and report two additional ones that should
pave the way for future in-cell studies.
First, they used an E. coli strain lacking the
genes for two abundant membrane pro-
teins. The second strategy was to use an ex
vivo preparation of the outer membrane,
eliminating the background from inner
membrane components. These efforts al-
lowed detection of signals mainly from the
targeted molecules and facilitated signal
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assignment and conformational analysis.
Their observation that native membrane
environments do not inherently contribute
to the broadness of signals is an important
one because resolution is a major limiting
factor for in-cell NMR.
Despite the increased complexity of the

MASssNMR data from the E. coli mem-
branes, a large number of signals overlap
with those from studies conducted using
artificial membranes. This overlap not only
allowed assignment data to be transferred
from the artificial to the native membranes
but strongly suggested that the protein’s
backbone structure is similar in both en-
vironments. It is important to note, how-
ever, that most of the assigned residues are
located either in an extracellular loop or at
the membrane-water interface. It is un-
certain whether such structural similarities
will hold for residues deeply embedded in
the membrane, where interactions with
lipids and other proteins are expected.
Furthermore, Renault et al. (1) observe
some differences at the level of the amino
acid side chains. This is important because
the details of protein function often de-

pend on the conformation of side chains.
Despite these caveats, the results raise our
optimism that it will soon be possible to
study the structures of membrane proteins
routinely in their natural environments.

The Future
Where does the field go from here? Fur-
ther improvements in sensitivity, resolu-
tion, and background suppression will
extend applicability. Dynamic nuclear po-
larization should improve sensitivity, and
its application to native membrane systems
is feasible (12, 13). New expression sys-
tems offer even more powerful ways to
suppress background signals (14, 15),
and membrane fractionation is a tried
and true method for improving sample
homogeneity and reducing background
(16, 17). Finally, site-specific labeling with
unnatural amino acids provides residue-
specific information for protein in real
membranes (18).
What challenges remain? Overex-

pressing the protein of interest is a
common approach to overcoming the
sensitivity limitations of NMR, but this

may adversely affect the biological rele-
vance of the results. A key control will be
to show that overexpression does not
perturb protein function. In addition,
a thorough characterization of lipid com-
position is needed. Under most conditions
used for membrane protein over-
expression, E. coli increases lipid synthesis
to maintain a constant lipid-to-protein ra-
tio (19). The proliferation of intracellular
membrane and the synthesis of excess
non–bilayer-prone lipids on over-
expression have been reported (20–22).
Perhaps the biggest obstacle is moving
from bacterial cells to higher eukaryotic
cells, where cell viability is harder to
maintain and overexpression is more dif-
ficult. Nevertheless, the work of Renault
et al. (1) opens the way to understanding
membrane protein structure under the
most biologically relevant of conditions—
in living cells.

ACKNOWLEDGMENTS. Our research is supported
by the National Science Foundation (Grant MCB-
1051819) and The Pennsylvania State University
College of Medicine.

1. Renault M, et al. (2012) Cellular solid-state nuclear
magnetic resonance spectroscopy. Proc Natl Acad Sci
USA 109:4863–4868.

2. Berman HM, et al. (2000) The protein data bank. Nu-
cleic Acids Res 28:235–242.

3. Pochapsky TC, Popchapsky SS (2007) NMR for Physical
and Biological Scientists (Taylor & Francis Group, New
York).

4. Renault M, Cukkemane A, Baldus M (2010) Solid-state
NMR spectroscopy on complex biomolecules. Angew
Chem Int Ed Engl 49:8346–8357.

5. Lundbaek JA, Collingwood SA, Ingólfsson HI, Kapoor R,
Andersen OS (2010) Lipid bilayer regulation of mem-
brane protein function: Gramicidin channels as molec-
ular force probes. J R Soc Interface 7:373–395.

6. Harbison GS, et al. (1984) Solid-state 13C NMR studies of
retinal in bacteriorhodopsin. Biochemistry 23:2662–2667.

7. Higman VA, et al. (2011) The conformation of bacte-
riorhodopsin loops in purple membranes resolved by
solid-state MAS NMR spectroscopy. Angew Chem Int
Ed Engl 50:8432–8435.

8. Kamihira M, et al. (2005) Structural and orientational
constraints of bacteriorhodopsin in purple membranes
determined by oriented-sample solid-state NMR spec-
troscopy. J Struct Biol 149:7–16.

9. Saitô H, Naito A (2007) NMR studies on fully hydrated
membrane proteins, with emphasis on bacteriorho-
dopsin as a typical and prototype membrane protein.
Biochim Biophys Acta 1768:3145–3161.

10. Varga K, Aslimovska L, Watts A (2008) Advances to-
wards resonance assignments for uniformly–13C, 15N
enriched bacteriorhodopsin at 18.8 T in purple mem-
branes. J Biomol NMR 41:1–4.

11. Fu RQ, et al. (2011) In situ structural characterization of
a recombinant protein in native Escherichia coli mem-
branes with solid-state magic-angle-spinning NMR. J
Am Chem Soc 133:12370–12373.

12. Linden AH, et al. (2011) Neurotoxin II bound to acetyl-
choline receptors in native membranes studied by dy-
namic nuclear polarization NMR. J Am Chem Soc 133:
19266–19269.

13. Renault M, et al. (2012) Solid-state NMR spectroscopy
on cellular preparations enhanced by dynamic nuclear
polarization. Angew Chem Int Ed Engl, 10.1002/anie.
201105984.

14. Mao LL, et al. (2009) Production of membrane proteins for
NMR studies using the condensed single protein (cSPP) pro-
duction system. J Struct Funct Genomics 10:281–289.

15. Mao LL, et al. (2011) Suppression of phospholipid bio-
synthesis by cerulenin in the condensed Single-Protein-
Production (cSPP) system. J Biomol NMR 49:131–137.

16. Yamato I, Anraku Y, Hirosawa K (1975) Cytoplasmic

membrane vesicles of Escherichia coli. A simple

method for preparing the cytoplasmic and outer mem-

branes. J Biochem 77:705–718.
17. Everberg H, et al. (2006) Isolation of Escherichia coli

inner membranes by metal affinity two-phase parti-

tioning. J Chromatogr A 1118:244–252.
18. Shi P, et al. (2012) In situ 19F NMR studies of an E. coli

membrane protein. Protein Sci, 10.1002/pro.2040.
19. Cronan JE, Vagelos PR (1972) Metabolism and function

of the membrane phospholipids of Escherichia coli. Bi-

ochim Biophys Acta 265:25–60.
20. von Meyenburg K, Jørgensen BB, van Deurs B (1984)

Physiological and morphological effects of overpro-

duction of membrane-bound ATP synthase in Escher-

ichia coli K-12. EMBO J 3:1791–1797.
21. Eriksson HM, Wessman P, Ge CR, Edwards K,

Wieslander A (2009) Massive formation of intracellular

membrane vesicles in Escherichia coli by a monotopic

membrane-bound lipid glycosyltransferase. J Biol

Chem 284:33904–33914.
22. van den Brink-van der Laan E, et al. (2003) Membrane

interaction of the glycosyltransferase MurG: A special

role for cardiolipin. J Bacteriol 185:3773–3779.

4716 | www.pnas.org/cgi/doi/10.1073/pnas.1201502109 Pielak and Tian


