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ABSTRACT: The conformation of retinal bound to the G protein-coupled receptor rhodopsin is intimately
linked to its photochemistry, which initiates the visual process. Site-directed deuterium (2H) NMR
spectroscopy was used to investigate the structure of retinal within the binding pocket of bovine rhodopsin.
Aligned recombinant membranes were studied containing rhodopsin that was regenerated with retinal
2H-labeled at the C5, C9, or C13 methyl groups by total synthesis. Studies were conducted at temperatures
below the gel to liquid-crystalline phase transition of the membrane lipid bilayer, where rotational and
translational diffusion of rhodopsin is effectively quenched. The experimental tilt series of2H NMR spectra
were fit to a theoretical line shape analysis [Nevzorov, A. A., Moltke, S., Heyn, M. P., and Brown, M.
F. (1999)J. Am. Chem. Soc. 121, 7636-7643] giving the retinylidene bond orientations with respect to
the membrane normal in the dark state. Moreover, the relative orientations of pairs of methyl groups
were used to calculate effective torsional angles between different planes of unsaturation of the retinal
chromophore. Our results are consistent with significant conformational distortion of retinal, and they
have important implications for quantum mechanical calculations of its electronic spectral properties. In
particular, we find that theâ-ionone ring has a twisted 6-s-cisconformation, whereas the polyene chain
is twisted 12-s-trans. The conformational strain of retinal as revealed by solid-state2H NMR is significant
for explaining the quantum yields and mechanism of its ultrafast photoisomerization in visual pigments.
This work provides a consensus view of the retinal conformation in rhodopsin as seen by X-ray diffraction,
solid-state NMR spectroscopy, and quantum chemical calculations.

G protein-coupled receptors (GPCRs)1 are involved in
numerous cellular communication and signal transduction
pathways, and rhodopsin is currently a prototype for this
group of pharmaceutically important biomolecules (1). Over
50% of the drugs currently used by humans affect GPCRs,
which besides rhodopsin include theâ-adrenergic receptor
(2) and the opioid receptor (3). In the case of rhodopsin the
ligand is 11-cis-retinal, which functions as an inverse agonist.
Absorption of a visible photon triggers femtosecond isomer-

ization of retinal (4), giving the active signaling state
followed by the perception of light (5, 6). Current knowledge
indicates that the retinal chromophore is highly distorted in
the region of the C11dC12 double bond as well as the
â-ionone ring (7, 8). On the basis of deuterium (2H) NMR
spectroscopy (9) it has a 6-s-transconformation, opposite
to the crystal structure of 11-cis-retinal (10). Yet previous
solid-state13C NMR measurements (11, 12) and regeneration
experiments with locked retinoids (13) indicate a 6-s-cis
conformation, as suggested by the X-ray structure of rhodop-
sin (14-16). The biological importance of theâ-ionone ring
conformation is that photoaffinity labeling studies (17)
suggest it is released from the retinal binding pocket in
association with helical movements (6) that lead to activation
of the photoreceptor. Aspects of the above picture remain
controversial at present (18), and clearly one issue is how
2H solid-state NMR studies of retinal bound to rhodopsin
correspond to the results of other biophysical approaches.

We have been conducting studies of deuterated retinal
bound to rhodopsin in aligned lipid bilayers, with the goal
of developing 2H NMR methods for investigations of
membrane proteins (19). In 2H solid-state NMR spectroscopy
of oriented samples (20) the quadrupolar couplings provide
angular restraints which allow one to investigate the con-
formation and orientation of various ligands bound to
GPCRs. An earlier2H NMR structure of retinal bound to
rhodopsin has been reported (9) but has been recanted on
the basis of comparison to rotational resonance13C NMR
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distance measurements (12). Other 13C solid-state NMR
studies have investigated the structure of retinal within the
binding pocket of rhodopsin (18, 21, 22), and solid-state13C
NMR correlation spectroscopy has been used to determine
the conformation of neurotensin bound to its GPCR (23).
Here we present the three-dimensional structure of retinal
within the binding pocket of rhodopsin based on2H solid-
state NMR spectroscopy. We show that conformational strain
of retinal when bound to bovine rhodopsin leads to a twisted
6-s-cis conformation of theâ-ionone ring, whereas the
polyene chain is twisted 12-s-trans. The conformational strain
of retinal as seen by2H NMR has an important bearing on
quantum mechanical calculations of retinal properties (24,
25). Moreover, it is relevant to interpreting the ultrafast
reaction dynamics of the 11-cis to transphotoisomerization
of retinal within the rhodopsin binding pocket (4). Knowl-
edge of the molecular basis of triggering of the visual signal
is provided in relation to mechanisms of activation occurring
within the GPCR superfamily.

EXPERIMENTAL PROCEDURES

Synthesis of Specifically Deuterated 11-cis-Retinals.Iso-
topically labeled retinals with deuterated C5, C9, or C13

methyl groups were synthesized using methods described
elsewhere (26). They were characterized by their UV-visible
spectra, Fourier transform infrared spectra, and their1H, 2H,
and13C NMR spectra. The deuterium content was established
by 2H NMR spectroscopy, which gave a single peak in
benzene solution. Mass spectrometry in acetone/acetonitrile
using positive electrospray ionization (ESI) further confirmed
the purity of the synthetic deuterated retinals. The (quasi)-
molecular MH+ ions were atm/z ) 288.1, consistent with a
single deuterated methyl group, as compared with authentic
11-cis-retinal with MH+ at m/z ) 285.1.

Regeneration of Rhodopsin and Recombination with
Synthetic Phospholipids.Rod outer segment membranes in
HEPES buffer, pH 6.8, were isolated from frozen bovine
retinas (W. L. Lawson Co., Lincoln, NE) as described (27).
The rod membranes were bleached at 4°C by exposure to
yellow light (λ > 520 nm) for 30 min in the presence of
100 mM hydroxylamine (pH 6.8). The membrane suspension
was then centrifuged and the pellet resuspended in hydroxyl-
amine-free buffer, repeating this procedure at least four times.
Synthetic deuterated 11-cis-retinal in EtOH was added in a
1.5 molar excess, and regeneration was carried out for 1.5 h
at 37 °C. The regenerated rhodopsin was solubilized in
dodecylammonium bromide (DTAB) and purified by hy-
droxyapatite chromatography, followed by recombination
with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
(Avanti Polar Lipids, Alabaster, AL) at a 1:50 molar ratio
by detergent dialysis (27). The recombinant rhodopsin/POPC
samples contained 5 mM HEPES buffer, pH 6.8, prepared
from 2H-depleted1H2O, and included 1 mM DTT and 1 mM
EDTA. All final samples used for2H NMR had A280/A500

ratios in the range of 1.6-2.2.
Preparation of Aligned Membrane Samples.Rhodopsin/

POPC recombinant membranes (1:50 molar ratio) were
oriented on ultrathin glass plates (Marienfeld Glassware, Bad
Mergentheim, Germany) by isopotential ultracentrifugation
(28). The aligned samples typically contained 22-25 mg of
rhodopsin deposited on a total of 25 ultrathin glass plates.

Membrane films were hydrated by isopiestic transfer in a
sealed chamber containing saturated NaBr in2H-depleted
1H2O (relative humidity≈63% at 4°C), which was found
to improve the alignment. Extensive31P NMR studies using
a home-built, single-tuned31P NMR probe indicated that
typically ≈90% of the sample was oriented by the procedure,
the remaining unoriented fraction giving an underlying
powder pattern (results not shown). The alignment disorder
(mosaic spread) of the oriented fraction of the sample was
obtained from2H NMR spectroscopy as described below.
Tilt angles of the membrane stack relative to the static
magnetic field were measured with a protractor and were
estimated to be accurate to within(2°.

Solid-State Deuterium NMR Spectroscopy.A modified
Bruker AMX-500 spectrometer (11.7 T) was used in
conjunction with a high-power radio frequency boost ampli-
fier (Model Tempo 2006; Henry Radio, Los Angles, CA).
Aligned membrane specimens were contained within the
8-mm horizontal solenoid radio frequency coil of a home-
built high-power2H NMR probe, which gave a 4.2µs 90°
pulse at 76.77 MHz (rotating field strength of 59.5 kHz).
Both a conventional quadrupolar echo pulse sequence (90°x-
τ-90°y-τ-acquire) and a quadrupolar echo sequence with
composite pulses (135°-x90°x45°-x-τ-135°y90°-y45°y-τ-
acquire) (29) were employed and appropriately phase cycled
to obtain the2H NMR signals. Control studies of deuterated
polymethylmethylacrylate (PMMA-d8) were routinely con-
ducted and confirmed that high-fidelity2H NMR line shapes
were obtained using both pulse sequences. The delay timeτ
ranged from 40 to 70µs, depending on the sample temper-
ature, to avoid acoustical ringing of the radio frequency coil,
and the repetition time was typically 100-500 ms. The
quadrupolar echo signals were apodized by exponential
multiplication, corresponding to a 0.5 kHz line broadening.
Fourier transformation was carried out using data processing
software written in-house (MATLAB; The MathWorks, Inc.,
Natick, MA) and was initiated at the top of the quadrupolar
echo, utilizing both quadrature data channels (no sym-
metrization which can lead to spectral artifacts). No first-
order phase correction was applied to any of the spectra to
eliminate the possibility of spectral distortions due to
frequency-dependent phase shifts. The2H NMR spectra
required a minimum of 300 000 scans at-150°C up to (1-
3) × 106 scans at-60 °C (≈1-6 d of signal averaging for
each spectrum).

RESULTS

Site-Specific Deuterium NMR Spectroscopy of Retinal
within the Binding Pocket of Rhodopsin.In this work we
have applied a site-directed, solid-state2H NMR approach
for investigating ligands bound to GPCRs and other integral
membrane proteins (20). Bovine rhodopsin (Mr ≈ 40 kDa)
was regenerated with synthetic 11-cis-retinal (26) that was
selectively deuterated at the C5, C9, or C13 methyl positions.
[The numbering of the methyl groups of retinal (19) follows
organic nomenclature, where the correspondence to the
crystallographic numbering of the carbon atoms (10) is C5

methyl carbon≡ C18, C9 methyl carbon≡ C19, and C13

methyl carbon≡ C20 (9).] Rhodopsin containing deuterated
11-cis-retinal was then recombined with 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) by detergent
dialysis (1:50 molar ratio), and the membranes were aligned
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by isopotential centrifugation onto planar substrates (28). At
temperatures below the gel to liquid-crystalline phase transi-
tion temperature of POPC (-4 °C), both the lipids and
rhodopsin have static rotational disorder within the membrane
plane. As a consequence, the recombinant samples comprised
a static uniaxial distribution of the lipid and protein moieties
on the NMR time scale (19) at all of the temperatures
considered in this research.

The experimental studies involved recording tilt sequences
of 2H NMR spectra relative to the static magnetic field (19)
for the aligned membranes containing rhodopsin labeled with
2H at the various retinylidene methyl groups. We imple-
mented a new theoretical2H NMR line shape treatment for
a static uniaxial distribution (20) to deduce local angular
constraints for the retinylidene prosthetic group of rhodopsin.
In the present application, the2H NMR spectrum depends
on the angleθ̃ between an individual C-C2H3 bond axis of
the retinal molecule and the direction of the main magnetic
field (30). The line shape for such an aligned sample is
described by a semirandom distribution of the C-C2H3 bond
axes within the angular space of the membrane, which in
turn is mapped into the frequency space of the2H NMR
spectrum. A schematic illustration is given in Figure 1, part
a, which depicts the folding of the rhodopsin polypeptide
chain within the membrane, together with the bound retinal
ligand. In part b of Figure 1, the stack of≈25 ultrathin glass
slides containing the aligned recombinant membranes is
shown inserted into the radio frequency coil of the NMR
probe. The average normal to the membrane stack is
designated byn0, and the main magnetic field is indicated
by B0. Lastly, the2H-labeled 11-cis-retinal is illustrated in
Figure 1, part c, where the overall orientationθ̃ of the
C-C2H3 bond axis relative toB0 is decomposed into various
Euler angles using the closure property of the group of
rotations (30).

Referring to Figure 1, part c, the parameters of the line
shape simulations include the C-C2H3 orientation (θB)
relative to the membrane normaln, which provides the
angular constraint on the retinal conformation, together with
the alignment disorder (so-called mosaic spread) of the
membrane stack. In part c,θ′ represents the angle of the
local normaln relative to the average membrane normaln0,

which describes the (Gaussian) alignment disorder, andθ is
the angle between the average normaln0 and the main
magnetic fieldB0, which accounts for the tilt series of the
2H NMR spectra. Note that two static axial distributions are
involved in the line shape analysis; these are described by
φ, the azimuthal angle about thelocal membrane normaln,
andφ′, the azimuthal angle about theaVeragenormaln0 to
the stack of aligned membranes. Theφ rotation means that
the rhodopsin molecules within the membrane are uniformly
distributed about the local normal axis, whereas theφ′
rotation implies that the various membranes are themselves
uniformly distributed about the average alignment axis. If
the second azimuthal rotationφ′ is neglected in treating the
mosaic spread (31), then this is equivalent to the disregard
of longitude in geography, specifying the position of a point
on the earth’s surface only by its colatitude,θ′ in our
notation, which is incorrect. Indeed, for tilting ofn0 away
from the magnetic field direction such a treatment (31) fails
to reproduce the appropriate powder pattern of a Pake doublet
in the limit of infinite mosaic spread (20). Further description
of the theoretical details of the solid-state2H NMR line shape
simulations is provided below.

Turning next to Figure 2, we show representative experi-
mental 2H NMR spectra of rhodopsin/POPC recombinant
membranes containing 11-cis-retinal deuterated at the C5

methyl group of theâ-ionone ring. Deuterium NMR spectra
for aligned membranes were recorded at a temperature of
-60 °C, well below the gel to liquid-crystalline phase
transition of POPC. The2H NMR spectra are indicative of
rapidly rotating methyl groups on the2H NMR time scale,
as also verified by studies of unoriented powder-type samples
(results not shown). In these experiments the average bilayer
normaln0 was inclined at tilt angles ofθ ) 0° or 90° relative
to the main magnetic fieldB0. Part a of Figure 2 presents
the experimental2H NMR spectra superimposed with
theoretical fits for a static uniaxial distribution (20). The value
of the bond axis orientation isθB ) 70 ( 3° and the mosaic
spread isσ ) 21 ( 2°, which were determined for the C5

methyl group from simultaneous nonlinear regression fitting
of the angular-dependent spectral data (vide infra). For the
C9 and C13 methyl groups of retinal, respectively, we obtained
bond axis orientations ofθB ) 52 ( 3° and 68( 2° from

FIGURE 1: Experimental geometry for2H NMR line shape investigations of the 11-cis-retinal chromophore of rhodopsin. (a) Organization
of rhodopsin within the membrane showing the retinal ligand within the binding pocket of the photoreceptor. (b) Schematic depiction of
recombinant membranes containing rhodopsin aligned on ultrathin glass plates within the radio frequency coil of the NMR probe. The
average normal to the membrane stack is designated byn0, and the direction of the main magnetic field isB0. (c) Illustration of relevant
angles used for analytical line shape calculation of2H NMR spectra of a static uniaxial aligned sample (cf. text).
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simultaneously fitting the2H NMR spectra at the two tilt
orientations ofθ ) 0° and 90° (results not shown).

For comparison, part b of Figure 2 shows theoretical
simulations of the same experimental2H NMR spectra
assuming a C-C2H3 bond orientation ofθB ) 21°, as
reported earlier (9), together with the above value of the
mosaic spread. Here the experimental line shapes for the C5

methyl group are not well reproduced, and hence we
conclude that the value ofθB ) 70 ( 3° determined in this
work represents the more accurate value. Moreover, we
attempted to fit the angular-dependent2H NMR spectra by
constraining the C5 bond orientationθB at the previous value
(9) and allowing the mosaic spread to vary. In this case, the
goodness of fit improved continuously with increasing
mosaic spread up toσ ) 90° (results not shown), corre-
sponding to the limit of a Pake doublet for randomly oriented
bilayers (20). However, this finding disagrees with31P NMR
spectral data obtained for the same samples, which indicate
that the degree of alignment is≈90% (cf. Experimental
Procedures). Similar conclusions apply to the C9 and C13

methyl positions. Briefly, the discrepancy with earlier work
(9) may originate from a lack of consideration of the full
three-dimensional character of the mosaic spread of the
aligned samples (31), symmetrization of the experimental
2H NMR spectra which can lead to artifactual quadrupolar
splittings (32), and the rather low signal to noise of the
previous2H NMR spectra obtained for static aligned samples
(33) or aligned samples using magic-angle oriented-sample
spinning (MAOSS) (9).

One should also note that the present work has employed
rhodopsin/POPC recombinant membranes mainly at a tem-
perature of-150°C, whereas previously reported2H NMR
studies of rhodopsin/DMPC recombinants were conducted
at -60 °C (9). In addition, earlier13C solid-state NMR
studies used a hydrated gel of rhodopsin solubilized in the
detergent Ammonyx LO at≈-30 °C (11), and X-ray
crystallography of rhodopsin is typically carried out at a
temperature of≈-170 °C (16). Although differences in
sample conditions might account for variations in the results
from individual laboratories, we view this as unlikely for
the following reasons. First, the electronic spectral properties
of retinal are sensitive to its conformation; an appreciable
bathochromic shift of≈20-25 nm is found on going from
a 6-s-cis to a 6-s-transconformation of theâ-ionone ring
(34, 35). But for rhodopsin recombined with POPC or
DMPC, as well as rhodopsin solubilized in nonionic deter-
gents (Ammonyx LO) or cationic detergents (DTAB), the
UV-visible absorption spectra are essentially unperturbed
as compared to the native retinal rod membranes, with a
wavelength maximum at 500 nm (27, 36, 37). The so-called
opsin shift is the same for rhodopsin in the various lipid and
detergent environments studied, and hence theâ-ionone ring
conformation is unaltered. Second, we have also obtained
preliminary2H NMR spectra for the C5, C9, and C13 methyl
groups of retinal bound to rhodopsin at-30 °C, which
closely resemble those at-150°C (results not shown). Thus
we conclude that changes in the retinal conformation when
bound to rhodopsin are minimal over the temperature range
from -30 to -150 °C.

Solid-State NMR Spectral Line Shape Analysis for Integral
Membrane Proteins Containing Bound Ligands.We next turn
to the structural analysis of retinal within the binding pocket
of rhodopsin in the dark-adapted state. Representative
experimental2H NMR spectra acquired at-150 °C for the
retinal C9 methyl group of rhodopsin are plotted in Figure
3, part a, for bilayer orientations ranging fromθ ) 0° to θ
) 90°. Compared with earlier data (33), substantially
different 2H NMR spectra were recorded. Most notable are
the significant changes in the2H NMR spectral line shape
as a function of the tilt angleθ; similar results were obtained
at -60 °C. At the smaller tilt angles (θ ) 0°, 15°), the 2H
NMR spectra are rounded or flat in the center, whereas at
larger tilt angles (θ ) 60°, 90°) the two transitions of theI
) 1 quadrupolar2H nucleus are clearly evident.

To further interpret the angular-dependent2H NMR line
shapes, theoretical simulations are necessary. For the case
of rhodopsin, we recall that the theoretical2H NMR analysis
(cf. Figure 1) involves the C-C2H3 bond orientationθB

relative to the local membrane frame, together with the static
misalignment of the membrane stackσ (mosaic spread).
Assuming a uniaxial static distribution, as in aligned
membranes below their order-disorder phase transition
temperature, the following result is obtained for the2H NMR
line shape (20):

Herep(ê() is the distribution of the spectral intensity as a
function of the reduced frequencyê( for the two I ) 1
spectral branches, as given byê( ) (1/2(3 cos2 θ̃ - 1).

FIGURE 2: Comparison of solid-state2H NMR spectra of aligned
membranes containing rhodopsin labeled with2H at the retinal C5
methyl group at-60 °C to theoretical line shape simulations.
Results are shown for theθ ) 0° and 90° orientations of the normal
to the membrane stack relative to the static magnetic field.
Experimental2H NMR spectra are indicated in gray, and theoretical
spectra obtained by simultaneously fitting the results for both bilayer
orientations are depicted by solid dark lines. The experimental and
simulated2H NMR spectra are normalized to constant area. (a)
Angular-dependent2H NMR spectra and line shape simulations
corresponding to a C-C2H3 bond orientation ofθB ) 70 ( 3° and
mosaic spread ofσ ) 21 ( 2°, obtained by simultaneously fitting
the data. (b) Line shape simulations of the same2H NMR spectra
obtained by constrainingθB ) 21° as previously determined (9),
together with the mosaic spread found in part a. The line shape
simulations assume a (residual) quadrupolar coupling constant of
〈øQ〉 ) 39 kHz and a Lorentzian full width at half-maximum (fwhm)
) 4.0 kHz.

|p(ê()| ∝ 1

|cosθ̃|∫0

π
F(x,y) e-θ′2/2σ2

sin θ′ dθ′ (1)
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Referring back to Figure 1, part c, the overall angle between
the methyl bond axis and the magnetic field isθ̃, andθ′ is
the inclination (tilt) of the local bilayer normal from its
average value. The functionF(x,y) involves sums or differ-
ences of the above angles, together withθB, the methyl bond
angle to the local membrane normal, andθ, the angle the
average bilayer normal makes with the magnetic field. In
eq 1x ≡ [(γ - δ)(R - â)]1/2 andy ≡ [(R - δ)(γ - â)]1/2,
where the cosines of the sum and difference angles areR ≡
cos(θ̃ - θB), â ≡ cos(θ̃ + θB), γ ≡ cos(θ - θ′), andδ ≡
cos(θ + θ′). The integrand is (i)F(x,y) ) y-1K(x/y) if R >
γ > δ > â or γ > R > â > δ or (ii) F(x,y) ) x-1K(y/x) if
γ > R > δ > â or R > γ > â > δ. Here the kernelK(k) )
F(π/2,k) represents a complete elliptic integral of the first
kind in the normal trigonometric form (20). The mosaic
spread is represented by a three-dimensional Gaussian
distribution, whereσ is the standard deviation about the mean
of 〈θ′〉 ) 0.

For the purpose of illustration Figure 3, part b, shows
theoretical2H NMR spectra calculated for rhodopsin2H-
labeled at the retinal C9 methyl position using the above
formalism. Closed-form simulations used the analytical line
shape formula, eq 1, and included the C-C2H3 bond
orientation, the mosaic spread, the residual quadrupolar
coupling constant〈øQ〉 for the rotating methyl group, and
the intrinsic spectral line width. The results of the theoretical
simulations correspond well with the experimental2H NMR

spectra in part a, showing the role of the C-C2H3 bond
orientation and evincing the importance of a proper three-
dimensional treatment of the alignment disorder (20). It is
worth noting that the mosaic spread cannot simply be
expressed as an extra contribution to the line broadening,
but rather it contributes to the line shape in a more complex
way (20). Moreover, for bond orientations greater than 35.3°
there is typically an ambiguity in the sign of the quadrupolar
(or dipolar) coupling. Therefore, if the2H solid-state NMR
spectra are recorded only at zero tilt, e.g., as in the case of
flat coils, then due to the sign ambiguity one obtains different
calculated bond orientations (19). To distinguish these
geometric solutions, it is necessary to obtain a rotation pattern
(tilt series) of the2H NMR spectra as a function of the
membrane tilt angle (19), as we describe below.

Global Fitting of Tilt Series of Solid-State Deuterium NMR
Spectra of Retinylidene2H-Labeled Rhodopsin.By simulating
the 2H NMR spectra obtained for different membrane tilt
angles, it is possible to determine the orientations of the C9

and C13 methyl carbons of the retinal polyene chain and the
C5 methyl carbon of theâ-ionone ring relative to the
membrane normal. In Figure 4, the root mean square
deviation (RMSD) of the calculated line shapes from the
experimental2H NMR spectra for the C5, C9, and C13

positions is plotted against the C-C2H3 bond angle (θB) and
the mosaic spread (σ), respectively. The error surfaces for
the C5 and C13 methyl positions are somewhat asymmetric,
parts a and c, whereas that for the C9 methyl group is
relatively symmetric, part b. Nonetheless, Figure 4 indicates
that well-defined minima are obtained in each case. From
the global fits we obtained C-C2H3 bond angles of 70(
3°, 52 ( 3°, and 68( 2° for the C5, C9, and C13 methyl
groups, respectively (Table 1), withσ in the range of 18-
21°. One should note that the mosaic spread refers to the
oriented fraction of the samples, which based on31P NMR
studies is determined to be≈90% (cf. Experimental Proce-
dures).

On the other hand, the previously reported values (9) for
the C5, C9, and C13 methyl bond orientations ofθB ) 21°,
44°, and 30° give RMSD values that are substantially higher
than those in Figure 4. Variation of the mosaic spreadσ does
not lead to well-defined minima, with the possible exception
of the C9 methyl group (results not shown). Although the
methyl bond orientations obtained in the present work differ
from those reported previously (9), they are in excellent
agreement with the refined crystal coordinates of rhodopsin
(15). Compared to the first (14) and third (16) crystal
structures, the correspondence is not as good, though still
satisfactory. One should also note that the values for the bond
orientationθB and mosaic spreadσ obtained from the global
fit of the tilt series of 2H NMR spectra (cf. Figure 4)
correspond well with the results of fitting only theθ ) 0°
and 90° spectra (cf. Figure 2). This observation suggests that,
for certain applications, acquiring2H NMR spectra at just
the two bilayer orientations ofθ ) 0° and 90° may be
sufficient.

Calculation of EffectiVe Torsion Angles.In what follows,
we shall assume the retinal conformation is essentially
described by the orientations of theâ-ionone ring and the
planes of conjugation on either side of the 11-cisdouble bond
(8). Figure 5 shows that the three planes, A, B, and C, have
two shared bonds, and consequently there are four angular

FIGURE 3: Representative solid-state2H NMR spectra obtained for
rhodopsin/POPC (1:50 molar ratio) membranes labeled with2H at
the retinal C9 methyl group in the dark state. (a) Experimental2H
NMR spectra acquired at-150 °C and (b) theoretical spectra
calculated for a static uniaxial distribution of rhodopsin molecules.
The orientation (tilt) of the normal to the membrane stack (θ) is
indicated in the figure. The line shape simulation parameters are
as follows: bond orientationθB ) 52 deg; mosaic spreadσ ) 21°;
(residual) quadrupolar coupling constant〈øQ〉 ) 39 kHz; Lorentzian
fwhm ) 5.0 kHz. (The line widths of the simulated2H NMR spectra
correspond to the convolution of the intrinsic line broadening of
the sample and the window function used for processing the spectral
data; cf. Experimental Procedures.)

2H NMR Structure of Retinal in Rhodopsin Biochemistry, Vol. 43, No. 40, 200412823



degrees of freedom. Three of these angles are determined
by the C5, C9, and C13 methyl groups (Table 1); as a fourth
parameter, we introduce the orientation of the electronic
transition dipole moment from linear dichroism studies (38).
All of our calculations assume ideal orbital hybridization,
or they include deviations from the ideal bond angles as
found in the crystal structure of 11-cis-retinal (10).

For a pair of methyl groups (i, k) attached to different
planes of the retinal molecule, the effective torsion angle
øi,k is given by

The derivation of eq 2 employs the closure property of the
rotation group (30) and is relatively straightforward. In this
expressionθB

i and θB
k are the individual methyl bond

orientations relative to the membrane normal (Table 1), and
θi and θk designate their angles with respect to the bond

whose torsion angle isøi,k. (Here we introduce the additional
labelsi, k to designate specific methyl groups of the retinal
molecule, which are suppressed in the preceding notation.)
The angle of the bond axis joining two planes relative to
the membrane normal is denoted asθB

i,k and is calculated
either from the electronic transition dipole moment (38, 39)
or from the methyl group orientation in the case of2H NMR.
Note that the sense (sign) of the torsion angle, corresponding
to the chiral selectivity of the binding pocket, cannot be
determined from eq 2 due to the even functions. Furthermore,
the nuclear spin interactions in solid-state NMR have even
parity (40), so that the various angles cannot be distinguished
from their supplements. As a result we are unable to
differentiate between twisteds-cisands-transconformations,
contrary to an earlier report (9). Rather, 16 symmetry-related
solutions are obtained for each of the effective torsion angles.
Some of the solutions are degenerate, however, and by
considering13C NMR rotational resonance (12, 41), chemical

FIGURE 4: Global fitting of theoretical2H NMR line shapes for aligned rhodopsin/POPC membranes containing retinal2H-labeled at (a)
C5, (b) C9, and (c) C13 methyl groups at-150°C. The root mean square deviation (RMSD) of the calculated2H NMR spectral line shapes
from the experimental tilt series (normalized) is shown as a function of the C-C2H3 bond angle (θB) and the mosaic spread (σ). A well-
defined global minimum is obtained in each case, shown in red color, with the bond orientations summarized in Table 1. Values of the
mosaic spread fall in the range ofσ ) 18-21° for the C5, C9, and C13 methyl groups.

Table 1: Retinal Conformation in the Ground State of Rhodopsin

torsional angle/deg
bond orientation (θB/deg)

structure C5 C9 C13

C5dC6-
C7dC8

C11dC12-
C13dC14

crystal (1F88)a,b 73.6 65.2 54.6 -59 171
crystal (1HZX)a,b 70.9 53.9 69.5 -57 156
crystal (1L9H)a,b 67.8 56.2 58.6 -77 171
2H NMRc,d 21 ( 5 44( 5 30( 5
2H NMRd-f 70 ( 3 52( 3 68( 2 -65 150

a Protein Data Bank (PDB) accession code.b Methyl bond orienta-
tions were calculated relative to thez-axis of the inertial tensor of
rhodopsin, assumed to correspond to the bilayer normal. The principal
axes of the inertial tensor were obtained by diagonalizing the values
obtained from the atomic coordinates of the PDB file.c Reference9.
d Bond orientations refer to the angle between the C-C2H3 axis and
the normal to the local membrane surface. Due to the even parity of
the quadrupolar interaction tensor in2H NMR, the bond orientationθB

cannot be distinguished from its supplementπ-θΒ. e This work; errors
correspond to the inverse curvature matrix of theø2 hypersurface utilized
for the nonlinear regression fits.f Torsion angle calculations include
additional constraints (cf. text).

øi,k ) cos-1(cosθi cosθB
i,k - cosθB

i

sin θi sin θB
i,k ) -

cos-1(cosθk cosθB
i,k - cosθB

k

sin θk sin θB
i,k ) (2)

FIGURE 5: Calculated structure of retinal within the binding pocket
of rhodopsin at-150°C based on2H NMR angular restraints. The
rotational degrees of freedom are approximated in terms of three
planes, A, B, and C; i.e., additional twisting of the polyene chain
is not considered. Planes B and C have a relative orientation
specified by the torsional angle of the C12-C13 bond, which is
+150°. The relative orientation of the A and B planes, i.e., the
conformation of theâ-ionone ring relative to the polyene chain, is
due to the C6-C7 torsional angle with a value of-65°.
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shift (11), and circular dichroism (8) data, most of these can
be eliminated.

Conformational Analysis of Retinal within the Binding
Pocket of Rhodopsin.The 2H NMR data presented above
have important implications with regard to the retinal
conformation when bound to the dark state of rhodopsin.
Here we show how the relative orientations of the2H nuclear
spin coupling tensors of the different deuterated methyl
groups of retinal allow one to estimate the torsional angles
involving the various planes of unsaturation of the molecule.
In this way, it is possible to investigate the three-dimensional
structure of the retinal ligand within its protein binding
pocket. As described in greater detail below, analysis of the
data in Table 1 allows us to conclude that there are out-of-
plane twists of theâ-ionone ring (A) relative to the C6-C13

plane of conjugation (B), as well as twists of the C6-C13

plane relative to the C12-C15 plane (C). The twisting arises
from conformational stress and strain of the retinal chro-
mophore due to the induced fit to the rhodopsin binding
pocket.

Now according to Figure 5, the torsion angle of the C12-
C13 bond is defined by the orientation of the C6-C13 plane
of unsaturation (B) relative to the C12-C15 plane (C). The
torsional twist about the C12-C13 bond manifests the
chromophore distortion adjacent to the 11-cis double bond,
where isomerization occurs due to photolysis. However, the
C9 axis is collinear with the C12-C13 bond, assuming ideal
orbital geometry, and thus further information must be
introduced. Consequently, we also make use of the orienta-
tion of the retinal transition dipole moment with respect to
the bilayer normal, as obtained from linear dichroism data
(38, 39). Very briefly, applying eq 2 to the relative
orientations of the transition dipole (TD) and the C13 methyl
group yields the result that the polyene chain conformation
is either twisted 12-s-transor twisted 12-s-cis. Either ideal
orbital geometry is adopted or the C11dC12-C13 bond angle
is assumed to be 130° as found in the crystal structure of
11-cis-retinal (10). In either case the C12-C13 bond tilt is
obtained directly from the2H NMR result of 52° for the C9

methyl group (Table 1). In this way, assuming values ofθTD

) (74° ((64°), θB
TD ) 74°, θ13 ) (60° ((60°), andθB

13

) 68°, we obtain solutions for the effective torsion angle of
ø9,13 ) 0 (-8), (44 ((53), ((24), ((73), (152 ((150),
and(164 ((172)°, where the values assuming ideal orbital
geometry are provided first, and those calculated using the
crystal structure of 11-cis-retinal are given in parentheses.
(Note that here the( symbol refers to the sense of the
dihedral angle rotation.)

The allowed solutions can be further restricted, e.g., by
including distance constraints from rotational resonance13C
NMR (41), as well as data for retinal derivatives (8).
Comparing the distances between carbon atoms C10-C20 and
C11-C20 calculated using the retinal geometry to those
obtained from rotational resonance13C NMR studies (41),
and assuming a positive twist for the torsional angle as
indicated by studies of locked retinoids (8), leads to the
unique physical solution ofø9,13 ) +150° corresponding to
a positively twisted, 12-s-transconformation (Figure 5). This
result is consistent with magic-angle spinning13C NMR
measurements of the chemical shift tensors of retinylidene
13C-labeled rhodopsin (11) and with regeneration studies and
circular dichroism data for locked retinoids (8), which also

indicate a 12-s-transconformation. Assuming the C6-C13

and C12-C15 regions of the polyene chain are nearly planar,
the twist represents the effective torsional angle of the C12-
C13 bond (15).

Likewise, the relative orientations of the pair of C5 and
C9 methyl groups describe the twist of theâ-ionone ring,
i.e., the C5-C7 plane of unsaturation (A) relative to the C6-
C13 plane (B). For the case of the C5 and C9 pair of methyl
groups, the C6-C7 bond tilt of 45° was calculated from the
C5 and C9 data, where the other angles areθ5 ) (60°, θB

5

) 70°, θ9 ) (60°, andθB
9 ) 52°. Applying eq 2, we obtain

as possible solutionsø5,9 ) (5, (24,(53,(65,(65,(111,
(154, and(159°, where ideal hybrid orbitals are assumed
similar to the X-ray structure of 11-cis-retinal (10). If the
distance constraints from rotational resonance13C NMR
studies (12) as well as data for locked retinal derivatives (8)
are included, then we are able to further constrain the possible
solutions. Comparing the distances between carbon atoms
C8-C18 calculated for each of the above solutions with
rotational resonance13C NMR data (12), and assuming a
negative twist for the torsion angle as deduced from studies
of locked retinal derivatives (8), leads toø5,9 ) -65° for
the unique physical solution, i.e., a negatively twisted 6-s-
cis conformation. The above value corresponds to the
effective torsional angle of theâ-ionone ring relative to the
polyene chain and agrees with the refined X-ray structure
(15). We estimate that the calculated torsion angles are
accurate to within(10°. The fact that the2H NMR line
shapes are essentially the same to within experimental error
over the temperature range from-30 to -150 °C (results
not shown) implies that the calculated retinal structure is
largely unaffected by chemical exchange, e.g., involving
flipping of the â-ionone ring (15).

DISCUSSION

Rhodopsin is currently the only G protein-coupled receptor
for which the three-dimensional crystal structure is available
(14-16) and consists of the 11-cis-retinal prosthetic group
bound to the membrane protein opsin (6). The mechanism
of visual signal transduction initiated by rhodopsin has been
extensively investigated (5, 42), in which photolysis of the
chromophore gives all-trans-retinal, leading to the activated
meta II intermediate (6). It is known that conformational
changes of retinal affect its electronic absorption spectra (38)
and are crucial for receptor activation (5). The nonplanarity
of the conjugated retinal polyene chain and the twist of the
â-ionone ring are of particular interest (7), where the
distortion in the vicinity of the 11-cisdouble bond is thought
to influence the photoisomerization reaction dynamics (4,
7, 43). However, the conformations of the polyene chain and
â-ionone ring have been rather controversial (9, 12, 15, 22),
and both 6-s-cis and 6-s-transconformers have been sug-
gested (9, 12, 15). On the basis of studies of locked retinoids
and circular dichroism spectroscopy, it has been concluded
that the 6-s bond is in acis conformation in rhodopsin (8,
13, 44). The importance of theâ-ionone ring is that its
repositioning (17) may give receptor activation by helical
movements (6, 17, 45) propagated to the cytoplasmic
domains of the protein (5, 6).

In this regard, solid-state2H NMR spectroscopy can play
an important role in providing knowledge of the local
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conformation and dynamics of the polyene chain and
â-ionone ring of retinal within the binding pocket of
rhodopsin. Conformational strain of the retinal ligand is
central to current ideas regarding activation of the photore-
ceptor, and is significant to explaining the quantum yields
and mechanism of ultrafast photoisomerization of visual
pigments, as well as spectral shifts of the various rhodopsin
photointermediates (46-48). According to the rhodopsin
crystal structure (14), earlier solid-state13C NMR studies
(11), and regeneration data for locked retinoids (8, 13), the
â-ionone ring is thought to have a distorted 6-s-cisconfor-
mation. These results agree with density functional theory
(DFT) calculations (25) and suggest the protein environment
contributes to the structural strain of retinal (7, 22, 25).
However, the opposite 6-s-trans conformation has been
proposed on the basis of previous2H NMR results (9) and
quantum mechanical MNDO calculations (24). In this case,
the minimum energy configuration (24) resembles the2H
NMR structure of the bound retinal (9), implying the protein
does not appreciably affect the kinetics of the photochemical
isomerization (4). Although rotational resonance13C NMR
studies (12, 18) now indicate theâ-ionone ring has a twisted
6-s-cisconformation, the issue remains of how to reconcile
the 2H NMR approach with other biophysical methods (11,
12, 14, 22, 24, 25, 47).

Solid-State NMR Spectroscopy of Aligned Membrane
Samples Containing Rhodopsin.The conclusions of this work
involve the application of a new solid-state NMR line shape
simulation method developed for the case of a static uniaxial
distribution (20). At temperatures well below the gel to
liquid-crystalline phase transition of the lipid bilayer, rota-
tional and translational diffusion of membrane-bound rhodop-
sin (49) is effectively quenched. As a result, the system can
be regarded as a uniaxial distribution of the protein molecules
with static rotational disorder on the NMR time scale. One
should note that the problem of a static uniaxial distribution
with alignment disorder (30) is generally relevant to biomem-
brane constituents in the absence of rotational diffusion (19,
50, 51), as well as aligned biopolymers including nucleic
acids (52) and fibrous proteins (53). The new line shape
distribution function has been applied to investigations of
bacteriorhodopsin in aligned purple membranes (19, 51), as
well as oriented fibers of DNA (52). For the case of aligned
membrane specimens one is able to determine the orienta-
tions of the isotopically labeled groups relative to the
membrane frame. In this way, a set of angular restraints is
obtained that can be used for investigations of protein
structures in noncrystalline, nativelike bilayer environments.

Besides the orientations of the labeled groups, however,
the alignment disorder (mosaic spread) provides a further
influence on the solid-state2H NMR line shapes. In the case
of rhodopsin (Mr ≈ 40 kDa), the preparation of oriented
samples is more challenging than in our earlier studies of
the smaller integral membrane protein, bacteriorhodopsin (Mr

) 26 kDa) (19, 51). Apparently this is due to the presence
of substantial cytoplasmic and extracellular domains and the
glycosylation of residues Asn2 and Asn15 near the N-terminus
(54). It follows that the proper treatment of the three-
dimensional alignment disorder (mosaic spread) is crucial,
particularly when studying the photointermediate states of
retinal binding proteins (51, 55). For a static distribution in
membrane samples, one must consider the uniaxial distribu-

tion of the molecules relative to the local alignment frame
and the uniaxial distribution of the local frame relative to
the average alignment frame, whose principal axis is the
average bilayer normal (20). The present work shows that
reliable bond orientations can be obtained even for mosaic
spreads as large as≈20°. As a result, solid-state NMR of
aligned membranes (19, 20, 50, 56) can play an important
role as an adjunct to X-ray crystallography in investigating
the structure and function of membrane proteins (57-59)
as well as other biopolymers (52).

Implications of2H NMR Results for the Mechanism of
Visual Signaling.An important aspect of our findings is that
they remove the discrepancy between previous2H NMR data
(9) as compared with solid-state13C NMR studies (11, 12,
22) and the X-ray crystal structure (15) of rhodopsin. The
NMR structure of the retinal chromophore shown in Figure
5 indicates clearly that the ligand is conformationally
distorted when bound to the receptor. Current models of
torsional strain (7, 43, 60) of retinal involve steric interactions
with rhodopsin as a basis for its ultrafast isomerization
kinetics (7) and also the energy stored in photolysis (43, 61).
The out-of-plane twist of the C12-C13 bond is due to a
concerted deformation involving the three consecutive bonds
from C10 to C13 and arises from steric hindrance between
the C13 methyl and the C10 hydrogen (7, 8). The importance
of the C12-C13 bond torsion angle is that photochemical
studies suggest it is related to the chemical reaction dynamics
(4, 7, 43). Torsional deformation of retinal is governed by a
steep gradient of the excited-state potential energy surface
in the Franck-Condon region of vertical excitation, which
provides a large driving force for isomerization about the
C11dC12 bond. The resulting acceleration can account for
the ultrafast kinetics of the 11-cis to transphotoisomerization
(4) in the visual process. Further nonbonded interactions
between the C8 hydrogen and the C5 methyl group of the
â-ionone ring give torsional twisting about the C6-C7 bond
(9, 12, 22), which is formally 6-s-cisas in the crystal structure
of 11-cis-retinal (10). On the basis of photoaffinity labeling
experiments, significant motion of theâ-ionone ring has been
found in conjunction with the activation of rhodopsin (17).
In this regard, the potential of2H solid-state NMR to reveal
dynamical information about the individual methyl groups
of retinal within its rhodopsin binding pocket is an important
feature of the present method.

As described herein the application of site-directed2H
NMR spectroscopy provides an important new avenue for
investigating photochemical changes of retinal within its
rhodopsin binding site in mechanistic detail. By employing
a new 2H NMR line shape treatment (20), we obtain a
consensus view of the retinal structure in rhodopsin as seen
by solid-state NMR spectroscopy, X-ray crystallography, and
quantum mechanical calculations. The methods in this article
can make significant contributions to elucidating the mo-
lecular basis of the inverse agonist and agonist functions of
retinal in rhodopsin. These results may also comprise a basis
for understanding how interactions of the ligand with
rhodopsin are affected by mutations yielding visual diseases
such as retinitis pigmentosa.
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