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Membrane proteins (and rhodopsin-like G-protein coupled
receptors (GPCRs), in particular) are of significant biological
and medical importance since they represent over 50%
(GPCRs 25 %) of current drug targets.[1] However, the
structure determination of membrane proteins is challenging:
currently they account for < 1% of the unique protein
structures deposited in the Protein Databank.[2] X-ray crys-
tallography has been used to make major contributions
towards the structure determination of membrane proteins,[3]

but it suffers from the fact that the proteins are rarely
crystallized in their native lipid environment or are unmodi-
fied, and exposed loop regions are often either dynamic and
not visible, or involved in crystal contacts. NMR spectroscopic
studies of membrane proteins in solution are generally also
reliant on an artificial detergent environment and are also
limited by protein size. Solid-state NMR (ssNMR) spectros-
copy, in contrast, has the advantage that membrane proteins
can be studied in a lipid environment.[4] Although ssNMR
does not suffer from the same intrinsic size limitation as
solution NMR spectroscopy, spectral overlap is often severe
for large proteins and hampers their study. However, magic-

angle-spinning (MAS) NMR spectroscopy, in particular, has
been used to make substantial methodological advances in
recent years, and the first membrane protein structures have
now been determined using this technique.[5]

Herein we report on how solid-state MAS NMR spec-
troscopy can be used to complement X-ray crystallographic
studies of a large seven transmembrane (7TM) helical protein
by validating and redefining the loop structures. The structure
of bacteriorhodopsin (bR) has been determined in a range of
two- (2D) and three-dimensional (3D) crystalline environ-
ments with the loops showing the highest degree of structural
variation.[6] Solid-state MAS NMR spectra of uniformly
[13C,15N]-labeled bR in its native purple membrane have
been used to assign the signals of the loop regions of the
protein. Extraction of dihedral angle information from
chemical shifts has allowed us to validate several loop
conformations in the crystal structure and recalculate the
structure where there are differences in conformation.

Ab initio assignment of the resonances of the loop regions
of bR was carried out using 2D DARR spectra (mixing times
of 15 and 50 ms) and 3D NCACX (20 ms), 3D NCOCX
(20 ms), 3D CANCO and 3D CAN(CO)CX (45 ms) spectra.
Assignment of the loops is made possible by the fact that the
loop resonances are generally well separated and amenable to
assignment in contrast to many of the helical regions, where
leucine and valine resonances, in particular, exhibit intract-
able degrees of spectral overlap. Figure 1 shows the assign-
ment of the section Met68–Gly72 in the BC loop as an
example; further 2D spectra and strip plots are provided in
the Supporting Information (Figures S1–S3). In total, we have
assigned roughly 55% of loop residues covering all loops,
except for the CD loop, as well as several residues located in
the helices (Figure 2, Table S2 in the Supporting Information,
and BMRB Accession code 17361). Interestingly, residues
from all loops (except those in the unassigned CD loop) are
visible in our cross-polarization (CP)-based spectra; this is in
contrast to the spectra of sensory rhodopsin II from Natrono-
monas pharaonis (NpSRII) where most loops were visible
only in INEPT-based spectra,[7] reflecting a higher degree of
loop mobility in NpSRII. Our observations are more similar
to those made in a recent study of proteorhodopsin in which
only isolated residues were observed in INEPT-based spec-
tra.[8] A 13C,13C INEPT-COSY spectrum of bR contains
resonances with random-coil chemical shifts from amino
acid types that are consistent with the N- and C-terminal tails
(see Figures S4 and S5 in Supporting Information). Some
chemical shifts for side chains in non-random-coil conforma-
tions are also found for residues Lys, Glu, Ala, and Ser, which
may belong to the KAES motif in the EF loop. Sequential
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assignment has so far not been possible. The number of
signals in the INEPT spectra does not increase with temper-
ature, suggesting that the loops in bR are relatively rigid.

Using the TALOS + software,[9] we calculated dihedral f
and y angles for bR from the assigned chemical shifts.

Figure 2 maps the residue assignments
and predicted secondary structure onto
the 1QHJ crystal structure, a high-reso-
lution structure representative of many
other high-quality crystal structures.
Overall, good agreement is found
between the secondary structure in the
crystal and that from our NMR data
recorded in the purple membrane. Com-
parisons can also be made with chemical
shifts determined for some loop regions
of bR solubilized in dodecyl maltoside
with a deuterated dodecyl moiety (dDM)
using solution NMR spectrscopy (Fig-
ure S6 in the Supporting Information).[10]

In the AB loop we have assigned four out
of seven residues and the chemical shifts
are in good agreement with the shifts in
solution. However, the TALOS + pre-
dictions for Ser35 favor the extended/b-
sheet region of the Ramachandran map,
while the crystal structure favors the
helical region. The b sheet observed in
the BC loop in the crystal structure is
also resolved in bR in the purple-mem-
brane environment, where we have
assigned 12 out of 18 residues. Few
solution NMR assignments are available
for this loop, which may be because the
b sheet prevents 1H–2H exchange. The
CD loop is very short and unfortunately
it was not possible to obtain unambigu-
ous assignments using the solid-state
data. We assigned three of four residues
in the short DE loop and the TALOS +

angles are in good agreement with the
crystal structures, but no solution NMR
data is available. The EF loop assumes
various different conformations in the

available bR crystal structures. In some crystal forms it is
involved in crystal contacts, and in several structures residues
157–161 are not visible. However, the assignment of Phe156–
Ser158 shows that these residues adopt a helical structure and
are not significantly mobile. At least two conformations were
observed for residues 153–159 in solution, and the Ca/Cb/C’
shifts differ by several ppm from the solid-state chemical
shifts. The EF loop clearly has the capacity for mobility under
certain conditions but may be more rigid in the purple-
membrane environment studied with solid-state NMR.
Because of a lack of assignments, we cannot at this time
confirm whether residues 159–164 may show some mobility
even in the solid state. The dihedral angles predicted by
TALOS + for the seven out of nine assigned residues in the
FG loop are in good agreement with the angles observed in
the crystal structures. Comparison with solution NMR shifts is
not possible for this stretch of residues.

The structure of the AB loop was recalculated based on
the f and y angles predicted by TALOS + for Ser35 and
Asp36. This results in a switch of the Ser35 dihedral angles

Figure 1. Assignment of Met68–Gly72 using NCACX (black, 20 ms mixing), NCOCX (red,
20 ms), CANCO (orange), and CAN(CO)CX (blue, 45 ms) spectra.

Figure 2. Ribbon representation of the 1QHJ crystal structure of bR
showing residues that have been assigned and the dihedral angles
predicted by TALOS + : a-helical (green), b-sheet (blue), and ambigu-
ous (yellow).
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which is compensated by a change in the Gly33 f and y

angles (Figure 3 and Figure S8 in the Supporting Informa-
tion). Although these differences are unlikely to be relevant
for the function of bR, they illustrate that differences in
conformation between a membrane protein in crystal and
native lipid environments can be observed and that refine-
ment using solid-state NMR data is possible. A recent
comparison of the influenza virus A M2 proton channel
studied by X-ray crystallography as well as solution and solid-
state NMR spectroscopy has highlighted the importance of
either studying membrane proteins in their native lipid
surroundings, or validating structures determined in other
environments.[11]

Here we have shown how solid-state MAS NMR data
collected on a large 7TM protein in its native membrane can
be used to complement and verify the structure of (possibly
distorted) loops in X-ray crystal structures, or solution NMR
data obtained in alternative environments. Where the chem-
ical shifts point towards conformational differences, an
alternative loop structure in agreement with the ssNMR
data can be calculated. Furthermore, while the resolution of
new GPCR crystal structures has been achieved only by using
thermostabilized mutants, complexes with antibody frag-
ments, and constructs in which additional proteins had been
inserted into a loop to promote crystallization,[12] our
approach can provide important information about the
native loop structures in wild-type proteins, in the presence

and absence of both small-
molecule ligands and pro-
teins involved in signaling
pathways.

Experimental Section
NMR samples were prepared
as described previously.[13] 2D
DARR,[14] and 3D NCACX,
and 3D NCOCX NMR spec-
tra[15] were recorded on an
800 MHz (1H frequency)
Varian/Magnex Infinity Plus
NMR spectrometer equipped
with a 3.2 mm HCN Balun
probe with 10.776 kHz
(DARR) or 10.0 kHz
(NCACX, NCOCX) magic-
angle-spinning and a variable
temperature set point of
�10 8C. 3D CANCO and 3D
CAN(CO)CX spectra (45 ms
DARR mixing)[16] were
acquired on a 500 MHz (1H
frequency) Varian Infinity
Plus spectrometer equipped
with a 3.2 mm HCN Balun
probe (with 11.111 kHz
magic-angle spinning and a
variable temperature set
point of �25 8C). Data were
processed using NMRPipe[17]

and analyzed using CCPNmr
Analysis.[18] Further details of
data acquisition and process-

ing can be found in the Supporting Information.
Structure calculations were conducted using XPLOR-NIH.[19]

The 1QHJ crystal structure[20] was used as a starting structure, and
all atoms were held fixed except for those in the AB loop. In addition
to the dihedral angle restraints derived from TALOS + ,[9] torsion
angle restraints were used.[21] Further details are provided in the
Supporting Information.
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