
Protein Structures
DOI: 10.1002/anie.201004422

Conformation of a Seven-Helical Transmembrane Photosensor in the
Lipid Environment**
Lichi Shi, Izuru Kawamura, Kwang-Hwan Jung, Leonid S. Brown,* and Vladimir Ladizhansky*

Solid-state NMR spectroscopy (SSNMR) has emerged as one
of the main tools for structural and dynamic investigation of
membrane proteins in their native-like lipid environment, and
has already provided a wealth of information on a number of
biologically and medically important systems.[1–8] Applica-
tions to large helical proteins are underway and promise to
add to our understanding of membrane biology.[9–13]

Herein we present a magic-angle spinning[14] (MAS)
SSNMR study of a seven-helical membrane photoreceptor,
sensory rhodopsin from Anabaena sp. PCC 7120 (ASR).[15]

We report the assignment of backbone and side-chain signals
of the protein, analysis of its secondary structure, and analysis
of the environment of many polar residues. We use site-
specific H/D exchange measurements to determine the water-
accessible surface of the protein and its topology within the
lipid bilayer. Although the secondary structure of ASR
derived from our data is overall consistent with that
previously determined by X-ray crystallography,[16] we have
identified a number of important differences and additions,
which allowed us to build a refined structural model.

We employed 3D chemical shift correlation spectroscopy
performed on a single lipid-reconstituted uniformly 13C,15N-
labeled sample. From a structural perspective, ASR shares its
seven-helical architecture with G-protein-coupled receptors.
Our studies demonstrate that a similar methodology can in
principle be applied to this class of proteins without the need
for crystallization and/or detergent solubilization. Impor-
tantly, the structural information obtained from SSNMR
pertains to a protein in the lipid environment, closely related

to its native state. ASR reconstituted in lipids gives well-
resolved spectra with high signal-to-noise ratios, with typical
carbon and nitrogen line widths of 0.5 ppm (Figure 1 and
Figure S1 in the Supporting Information). The protein is
functional and stable in this environment.[17]

Spectroscopic assignments were obtained from five 3D
chemical shift correlation experiments acquired on a single
sample: CONCA, two NCACX experiments with dipole-
assisted rotamer resonance (DARR)[18] mixing times of 20 ms
and 50 ms, and two NCOCX experiments with DARR mixing
times of 50 ms and 100 ms. While the CONCA spectrum
provides nearly complete backbone resolution and establishes
inter-residue correlations between CO[i], N[i+1], and CA-
[i+1] atoms, the NCACX and NCOCX experiments allow to
record chemical shifts of the side-chain carbon atoms for
identification of the amino acid type. Shorter mixing time
experiments provide mostly one- and two-bond correlations,
for example, N[i+1]–CO[i]–CA[i] and N[i]–CA[i]–CO[i]/CB[i]
in NCOCX and NCACX experiments, while longer mixing
times establish shifts of the entire carbon side chain, and
provide additional inter-residue correlations for assignment
validation.

The three types of spectra can be coanalyzed to construct
a sequential backbone walk (Figure 2 and Figure S2). Back-

Figure 1. 2D DARR 13C–13C correlation spectrum of ASR recorded at a
proton frequency of 800 MHz.
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bone and side-chain resonances for approximately 85% of the
transmembrane (TM) region and for many residues in the
loop regions have been assigned (see the Supporting Infor-
mation). An additional 46 spin systems were identified but
could not be assigned. Thus, we could detect the majority of
residues (ca. 91%), including those in the loops and tails,
similar to our results in proteorhodopsin,[13] which has loops
and tails of similar length. In contrast, extra-membranous
parts of sensory rhodopsin II (SR-II) appear to be more
mobile.[10]

The secondary structure of the protein derived from the
Ca and Cb secondary chemical shifts[19] is shown in Figure 3.
There are seven largely uninterrupted positive stretches
indicating the presence of seven helices. Most of the helices
and their distortions are in agreement with the X-ray
structure. We detected a small distortion in the helix A at
M15, and at S47 in the helix B, a proline kink at V78 in
helix C, as well as a large distortion at the position of retinal-
flanking W76. There is a p-bulge at the Schiff base formed by
K210 in helix G. Both the proline kink in helix C and the non-

proline kink in helix G appear
to be common structural fea-
tures of microbial rhodop-
sins.[13, 20]

There are a number of
notable differences from the
X-ray data. Firstly, there are
two short b strands in the B–C
loop, which appears to be dis-
ordered and undetectable in
the X-ray data. A similar
b hairpin structure was
observed in several other
microbial rhodopsins.[13, 20,21]

Secondly, SSNMR shows a
different conformation of
helix G, which contains a
unique P206 instead of the
superconserved aspartic acid.
In 3D crystals of ASR, P206
induces a 3-residue helicity
break in the extracellular half
(residues 201–203 in the 1XIO
model). On the contrary, this
helix remains uninterrupted in
the lipid environment. Closer
examination of the dihedral
angles derived from the X-
ray data and from TALOS
analysis[22] of chemical shifts
reveals additional deviations
at the extracellular ends of
helices B, C, D, and F, and at
the cytoplasmic end of helix F
(Figure S3). Finally, from the
3D NMR data and from the
1D 15N NMR spectrum (Fig-
ure S1) we identify single con-
formations of retinal (consis-

Figure 2. An example of a sequential assignment walk for the D57–E62 fragment of ASR, which is a part of
the B–C loop that is missing in the X-ray structure.

Figure 3. Secondary chemical shift difference dCa�dCb plotted as a
function of residue number that has been averaged in a 3 residue
sliding window. The secondary structure derived from the X-ray data
(PDB 1XIO)[16] is shown at the bottom.
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tent with retinal extraction data[23]) and of residues K210 and
S86, for which X-ray crystallography gave alternate confor-
mations.[16] We could also deduce protonation states and
hydrogen-bonding strength for a number of polar side chains,
including some functionally important residues (see the
Supporting Information for a discussion).

To probe the water-accessible surface of the protein and
identify the hydrophilic cavities in its TM portion, the sample
was incubated for 24 h in a D2O-based buffer to exchange
solvent-exposed amide sites. A comparison of 2D NCA
spectra of samples incubated in H2O and D2O recorded
with short H/N cross polarization (CP) times of 300 ms reveals
that peaks from many residues disappear after incubation in
D2O (Figure 4a,b). In these experiments, spins of nitrogen
atoms are excited primarily from directly bonded amide
protons, as evident, for example, from disappearance of all
proline correlations. Thus, the signals of solvent-exposed
residues are strongly attenuated.

Most of the TM residues are well-protected by tight
interhelical packing, protein–lipid interactions, and by strong
hydrogen bonding within the a helices, and are unaffected by
the exchange. Notable exceptions are I110, K167, T170, and
S209, which are completely exchanged, as well as a cytoplas-
mic part of helix F, which shows stretches of partial exchange
(Figure 4c and Figure 5). These results imply a dynamic
nature of the cytoplasmic end of helix F, which is known to tilt
out in the photocycles of other microbial rhodopsins. It should
be noted that residue S209 precedes the retinal-binding K210,
and may be exposed to water, in consistency with the presence
of a cytoplasmic hydrogen-bonded network.[13]

Most other affected residues are located on the extracel-
lular or cytoplasmic surfaces of the protein. The signals from
the entire B–C loop (D57-Y70), from many residues in the
E–F loop, and at the ends of helices are eliminated by the
exchange. On the other hand, G189, G191, and W192 in the
F–G loop exchange only weakly, consistent with a strong
hydrogen-bonding pattern predicted by the X-ray data.
Overall, the exchange pattern strongly suggests that ASR is
located asymmetrically in the lipid bilayer, with the cytoplas-
mic part being more exposed to the solvent.

To build a refined 3D model of lipid-embedded ASR, we
have measured a 2D 13C–13C NMR correlation spectrum with
a spin-diffusion mixing time of 500 ms,[1, 24] which led to 9072
long-range C–C distance restraints. Among these, 703
medium- to long-range unambiguous inter-residue cross-
peaks consistent with the X-ray structure were identified,
and used for structure calculations[25] along with the
TALOS[22] torsional restraints. To constrain unassigned pro-
tein fragments, we also included 250 interatomic distances
derived from the X-ray data (see the Supporting Information
for details). The resulting model, which shows water-exposed
fragments and an approximate positioning of the protein in
the lipid bilayer derived from H/D exchange and features the
b-structured B–C loop and uninterrupted helix G, is pre-
sented in Figure 5.

In conclusion, we have shown that characterization of a
heptahelical membrane protein in the lipid environment by
SSNMR can reveal structural features either non-detectable
or distorted in 3D crystals. The total experimental time

required to collect the data was on the order of 15 days,
thus demonstrating clear feasibility of rapid SSNMR struc-
tural characterization of proteins of similar fold and size.
Further improvements in the NMR hardware and method-
ology will likely permit an extension to even larger systems.

Experimental Section
[U-13C,15N] labeled C-terminally truncated histidine-tagged ASR was
expressed in BL21 RIL E. coli grown on M9 minimal medium at
30 8C, using U-13C-glucose (4 g) and 15NH4Cl (1 g) per litre as the
carbon and nitrogen sources. 7.5 mm retinal was added exogenously at

Figure 4. H/D exchange experiments. 2D NCA correlation planes
measured in samples in a) H2O-based buffer and b) after 1 day of
incubation in D2O. c) Site-specific comparison of cross-peak intensities
recorded in the 3D NCACX experiment in the two samples.
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the time of induction to regenerate the expressed opsin. The
membrane fraction was solubilized in 1% DDM (n-dodecyl b-d-
maltoside) at 4 8C. Approximately 5 mg of ASR was purified from
one litre of culture. Liposomes were prepared by hydrating dried
DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and DMPA
(1,2-dimyristoyl-sn-glycero-3-phosphate) as described previously,[13]

and mixed with purified solubilized ASR, at a lipid/protein ratio of 1:2
(w/w). The functionality of the protein was tested by using visible and
FTIR spectroscopy.[17]

All SSNMR experiments were performed on a Bruker Avance III
spectrometer operating at 800.23 MHz, equipped with a 3.2 mm E-
free 1H-13C-15N probe. The MAS frequency was 14.3 kHz and the
temperature was maintained at 5 8C for all experiments. NCOCX,
NCACX, and CONCA 3D experiments were performed using
previously described pulse sequences, but without J-decoupling.[13, 26]

Further details of data acquisition and processing are given in the
Supporting Information.
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