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ABSTRACT: Rotational resonance solid state nuclear magnetic resonance has been used to determine the
relative orientation of theâ-ionone ring and the polyene chain of the chromophore 11-Z-retinylidene of
rhodopsin in rod outer segment membranes from bovine retina. The bleached protein was regenerated
with either 11-Z-[8,18-13C2]retinal or 11-Z-[8,16/1713C2]retinal, the latter having only one13C label at
either of the chemically equivalent positions 16 and 17. Observation of13C selectively enriched in the
ring methyl groups, C16/17, revealed alternative conformational states for the ring. Minor spectral
components comprised around 26% of the chromophore. The major conformation (∼74%) has the chemical
shift resolution required for measuring internuclear distances to13C in the retinal chain (C8) separately
from each of these methyl groups. The resulting distance constraints, C8 to C16 and C17 (4.05( 0.25
Å) and from C8 to C18 (2.95( 0.15 Å), show that the major portion of retinylidene in rhodopsin has a
twisted 6-s-cisconformation. The more precise distance measurement made here between C8 and C18
(2.95 Å) predicts that the chain is twisted out-of-plane with respect to the ring by a modest amount
(C5-C6-C7-C8 torsion angle) -28 ( 7°).

The cascade of biochemical events leading to the visual
response process is triggered by the photoisomerization of
the chromophore, 11-Z-retinylidene, within the G-protein-
coupled receptor, rhodopsin (1). Solid state nuclear magnetic
resonance (NMR) has provided precise conformational
details for the central segment of the polyene chain that
undergoes photoisomerization in13C-labeled retinals intro-
duced into bovine rhodopsin (2, 3). The â-ionone ring in
retinylidene has been assumed to adopt acis conformation
between unsaturation within the ring (C5-C6 bond) and in
the adjoining portion of the polyene chain (C7-C8 bond),
based mainly on comparisons of13C NMR chemical shift
information with that of model compounds (4). This 6-s-cis
conformation is also fitted to the electron density assigned
to this portion of the chromophore, within a recent crystal
structure of bovine rhodopsin at 2.8 Å resolution (5).
Although 6-s-cis-retinal and related compounds are nonplanar
(6), the torsion angle between the polyene chain and the ring

within the protein has not been determined directly. How
this geometry influences the electronic distribution in the
chromophore and its consequent role in the characteristic
“opsin shift” in light absorption on binding with the protein
therefore remains uncertain. Furthermore, deuterium NMR
measurements conducted in this laboratory on the orientation
of the retinylidene methyl groups in bovine rhodopsin,
reconstituted into bilayers of a saturated lipid, fitted best to
a twisted 6-s-transconformation (7). A further study (8) has
predicted that the 6-s-transconformer represents the mini-
mum energy state of the chromophore and argues that this,
combined with the NMR evidence, calls into question the
structure derived from X-ray crystallography. In view of
these contrasting arguments, the conformation around the
ring segment of the chromophore in the dark-adapted protein
is specifically addressed here using solid state NMR methods
that are particularly well-suited for this purpose.

In what was the first application of solid state NMR for
obtaining specific structural information on a membrane
protein, the rotational resonance method was used to measure
internuclear distances between isolated13C spin pairs in the
retinylidene chromophore of the light-activated proton pump,
bR1 (9). This work confirmed previous predictions that the
chromophore adopts a6-s-transconformation in this protein.
The planar6-s-transconformation in bR could be distin-
guished from the alternative 6-s-cis case by a single
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measurement between a13C located in the chain and a13C
in the ring. Distinguishing between alternate nonplanar
conformations for retinylidene in rhodopsin will only be
possible from multiple distance measurements. Here, rota-
tional resonance measurements are conducted between13C
in the chain of retinylidene in rhodopsin and each of three
individual methyl locations in the ring, in an effort to
determine not only the absolute conformation in this segment
of the chromophore but also the torsion angle between the
ring and the polyene chain.

EXPERIMETAL PROCEDURES

Sample Preparation.The synthesis and purification of 11-
Z-[8,18-13C2]retinal and 11-Z-[8,16/17-13C2]retinal were as
described previously (10). All manipulations involving
rhodopsin regenerated with13C-labeled retinals were con-
ducted in dim red light and under an atmosphere of argon.
Rod outer segment membranes were isolated from fresh
bovine retina (11) and bleached using a white light source
(250 W) for removal of the native retinal in its alltransstate
(12). The rhodopsin in these membranes was then regener-
ated (12) at a 1:1 molar ratio with either 11-Z-[8,18-13C2]-
retinal (260 nmol) or 11-Z-[8,16/17-13C2]retinal (500 nmol),
and the membranes were washed using 50 mMâ-cyclodex-
trin to remove nonincorporated material (13), yielding 7.3
and 12 mg, respectively, of labeled rhodopsins. During the
synthesis of 11-Z-[8,16/17-13C2]retinal, either carbon 16 or
carbon 17 is enriched to 99% with13C. Because these
products are chemically equivalent and cannot be separated,
rhodopsin regenerated with these retinals contains reti-
nylidene labeled at either C8 and C16 or C8 and C17 in
equal proportions. Two further membrane samples were
regenerated under identical conditions with nonlabeled 11-
Z-retinal (gift from A. Albert, Storrs, Connecticut) at the
amounts equal to those used for the regenerations with
labeled retinals. The washings with cyclodextrin solution also
removed a portion of the rod outer segment membrane lipid,
although the remaining lipid is sufficient to fully solvate the
protein in these membranes (>30 lipids per protein; W. de
Grip, personal communication). On the basis of theA280/
A500 from solubilized membranes (13), >90% of the bleached
protein was regenerated back to rhodopsin using the molar
equivalent amounts of retinals and theirA365/A500 (13) showed
that<5% of labeled material was not properly incorporated
into the protein.

NMR Methods.The entire amounts of each rhodopsin
sample, regenerated with13C2-labeled or unlabeled retinal,
were packed into 4 mm diameter sample rotors for a
Chemagnetics (Varian) Apex MAS NMR probe and rotated
briefly at moderate speed. Samples were then snap-frozen
by immersing the MAS rotors in liquid nitrogen and then
subsequently kept frozen at-60 °C during the MAS NMR
measurements or at-80 °C for storage. All NMR measure-
ments were conducted at 125.8 MHz for13C (500.1 MHz
for protons) using a Chemagnetics (Varian) Infinity spec-
trometer. The rotational resonance experiment for homo-
nuclear recoupling and rotary-driven exchange of magneti-
zation between the isolated13C spin pairs was as originally
described (14), except that the initial carbon magnetization
was created by CP using a 30% linear ramp (15) on the
output for the carbon frequency and also that the selective
inversion of one of the enriched13C spins was accomplished

with DANTE pulses. Proton field strengths of 63 kHz used
for the CP were increased to 100 kHz for decoupling during
the rotational resonance mixing (exchange) period and during
signal acquisition, while field strengths used for13C were
around 63 kHz throughout. Rotational resonance exchange
curves were fitted to the experimental data using RR FIT
(16), a modification of the CC2 software (Malcolm Levitt,
Southampton) derived from the original theoretical treatment
(17). This parameter fitting procedure calls error minimiza-
tion routines that are part of the MINUIT package (CERN
Program Library).

T2 was measured with the Hahn-spin echo, and relaxation
rates were combined for the spin pairs to provide an estimate
of T2

zq required in the analysis of rotational resonance
exchange data. ProtonT1 measurements were made from
inversion-recovery of proton magnetization followed by CP
for indirect detection on the labeled13C spins.

Tensor values used in the simulations (chemical shift
anisotropy, asymmetry parameter) were determined for
labeled retinylidene sites in the rhodopsin samples from the
analysis of rotational sidebands in spectra recorded at
-60 °C with slow sample spinning (2.5 kHz) using the
Herzfeld-Berger method (18) applied by an interactive
routine (19) with the SPEEDYFIT program. All rotational
resonance was conducted at then ) 1 condition (ωr ) ∆ωiso)
where simulations were shown to be insensitive to the
absolute and relative orientations of the chemical shift
tensors, as expected from theoretical considerations (17).

RESULTS AND DISCUSSION

Spectral Characteristics of13C-Labeled Chromophore in
Rhodopsin.CP MAS 13C spectra from the membranes
regenerated with the labeled retinals are shown in Figure 1.
The alkyl regions in these spectra have been prepared with
the DANTE inversion for observation of Zeeman exchange.
The upper spectrum in each case comprises of signals from
the selectively enriched chromophore combined with the
natural abundance13C contribution from the membranes.
Using measurements recorded under identical conditions for
the rhodopsin regenerated with nonlabeled retinal, it was
possible to subtract out effectively the natural abundance13C
background contribution from the membranes and reveal the
NMR signals solely from the enriched sites in the retinylidene
(Figure 1A,B, lower spectra). The resonance from the C8
position in the polyene chain in both samples appears at 139.4
ppm whereas the C18 ring methyl is located at 22.1 ppm
and C16 and C17 intensity appears resolved in the protein
environment at 30.8 and 26.4 ppm (labeleda and b,
respectively), in contrast to free retinal where these sites are
equivalent and appear at an intermediate chemical shift (28.8
ppm measured in heptane, ref12).

The difference in peak heights between spectral compo-
nentsa and b, inverted in Figure 1B (lower spectrum), is
not consistent with the equal distribution of label between
C16 and C17 in the retinal used to regenerate the protein.
T1 values for the protons providing polarization for these
methyl carbons were relatively short (∼0.75 s) and not
sufficiently different (within 0.15 s) to account for the
differences between resonancesa andb. To quantify properly

7550 Biochemistry, Vol. 41, No. 24, 2002 Spooner et al.



the intensities in this spectral region, a ramped CP MAS
NMR spectrum was recorded under equilibrium conditions
(4 s recycle time) from the labeled and nonlabeled samples.
When no line broadening was introduced in the data
processing, the background-subtracted spectrum (Figure 2A)
revealed additional spectral components appearing at inter-
mediate chemical shifts and merging with resonancea. Two
additional spectral components (c andd in Figure 2A) were
deconvoluted from this region, together accounting for 26%
of the total intensity from the labeled methyl groups. After
the minor component (c + d) was removed from the spectral
simulation (Figure 2B), the line width of resonancea was
110 Hz and accounted for 40% of the total intensity and the
remaining 34% of the intensity resided in resonanceb with
a larger line width of 155 Hz. These intensities for resonances
a andb (Figure 2B) were sufficiently similar for them to be
assumed to represent the two labeled methyl groups (C16
and C17) that exist within the major structural form
(comprising 74%) of retinylidene in the protein, and they
are well-resolved for their individual, selective recoupling
with C8 by rotational resonance. The separation from the
minor resonances exceeded 150 Hz, which is beyond the
line width of the closer major resonancea (30.8 ppm). The
resolution observed here for the minor component is also
degraded by field drift occurring during the length of time
required for the equilibrium measurement (∼22 h), and so,
their separation from the major resonances will be improved
over the shorter incremental times required to record
rotational resonance exchange (∼3 h). Taking all these
factors into consideration, overlap with the minor component
is expected to introduce only a small error in the exchange
measured with C8 in these experiments. Indeed, the minor

component appears to be unaffected while resonancea is
depleted by selective exchange with C8 (Figure 2C).

Rotational Resonance Recoupling.Rotational resonance
exchange between C8 and each of the two major C16/C17
signals is represented in Figure 3A as a function of time.
The net magnetization (< Iz - Sz >) following inversion of
the methyl signal (Sz) has been corrected for the proportion
of C8 label participating in rotary resonant exchange with
the individual methyl resonances and normalized to the initial
corrected net magnetization averaged from a number of short
(<0.1 ms) mixing times. The exchange rates measured with
the C16 and C17 are indistinguishable from each other in
these experiments. Despite the differences in line width noted
above between the major resonancesa andb from C16 and
C17 (Figure 2A,B), these signals had similar spin-spin
relaxation rates, providing an estimate ofT2

zq of 6 ms ((1
ms) for the coupling of each to C8. The additional broadening
in componentb was therefore not caused by enhanced
transverse relaxation but may be explained by small varia-
tions in the C16/C17 methyl group orientations, based on
the structural interpretation given below for the chemical shift
inequivalence observed between these groups within the
protein. The similarity in rates of rotational resonance
exchange and inT2

zq processes meant that the dipolar
couplings with C16 and C17 from C8 could not be distin-
guished in these experiments and the exchange data for these
were combined for the analysis. The best single parameter
fit for the dipolar coupling between C8 and both methyl
groups corresponds to an internuclear distance of 4.05 Å
(solid curve in Figure 3A). The exchange curves simulated
for the internuclear distances of 3.80 and 4.30 Å encompass
most of the variability shown in the data (Figure 3A) that

FIGURE 1: 13C CP MAS spectra from bovine rod outer segment membranes containing rhodopsin regenerated with 11-Z-retinal selectively
labeled with13C spin pairs at positions C8 and C18 (A) or C8 with C16 or C17 in equal proportions (B) as indicated in the respective insets.
Spectra with selective inversion of the methyl region for observation of rotational resonance exchange from the membranes and labeled
chromophore (upper spectra) and following subtraction of the natural abundance contribution from the membranes to leave signals only
from the sites of labeling in the retinylidene chromophore (lower spectra).
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arises from nonsystematic errors in the measurements. These
include spectrometer instabilities and errors from spectral
subtraction and integration. The accuracy of the measurement
will be affected by certain systematic errors, mainly arising
from the estimate ofT2

zq and from estimating the proportion
of minor forms. The latter error is not expected to exceed
the 6% difference found between the intensities from C16
and C17 in the major form of retinylidene. Errors in the
measured tensor values and their orientations are not a
significant factor in the analysis here. No significant decay
in net magnetization was observed over these experimental
mixing times at 1 kHz away fromn ) 1 rotational resonance
(Figure 3A).

The exchange behavior between the C8 and the C18
methyl group in rhodopsin (Figure 3B) is strikingly different
from that with the C16/17 methyl groups. The experimental
data obtained from these measurements (Figure 3B, open
circles) describe a biphasic exchange in which the majority
of net magnetization exchanges rapidly (<5 ms), and this is
followed by a very slow decrease over the longer mixing
times (to 30 ms). Rotational resonance exchange can often
be observed to “tail off” at longer mixing times due to various
experimental limitations such as unstable spinning, large
spectral line widths, and imperfect proton decoupling.

However, the high spinning stability maintained in experi-
ments here ((3 Hz), the acceptable line widths (∼100-150
Hz), and the ability to sustain rapid rotational resonance in
model systems with strong homo- and heteronuclear cou-
plings (e.g., 1,2-[13C]glycine) indicate that the experimental
setup was not particularly susceptible to these limitations.
Furthermore, the slow phase of exchange occurs at a sharp
discontinuity and does not appear to damp out the oscillation
in the rapid exchange process, occurring later at around 10
ms exchange time, further suggesting that the effect arises
from an independent exchange process. It is possible,
therefore, that the slow exchange is occurring within the
minor form, as detected from observation of the C16- and
C17-labeled sites, but is not being resolved in the spectra

FIGURE 2: 13C CP MAS spectrum (backgound subtracted; see text)
of retinylidene C16 and C17 in rhodopsin recorded to show
equilibrium intensities (recycle time) 4 s; 20 000 acquisitions
processed without line broadening) and minor components between
the major low-frequency (26.4 ppm) and high-frequency (30.7 ppm)
resonances (A). Spectral simulation of C16 and C17 resonances in
the major (∼74%) retinylidene component with intensity from minor
components subtracted out (B). Spectrum of C16/17 signals
(background subtracted; see text) with the high-frequency resonance
depleted by 10 ms ofn ) 1 rotational resonance exchange with
C8 showing that the minor components merge as a single resonance
from 6000 acquisitions processed with 70 Hz line broadening (C).

FIGURE 3: Exchange data undern ) 1 rotational resonance between
the retinylidene13C spin pairs in bovine rhodopsin showing net
magnetization as a function of the rotational resonance mixing time.
Exchange between C8 and the C16/C17 for the high-frequency
(open circles) and low-frequency (closed circles) methyl resonances
and at 1 kHz away fromn ) 1 rotational resonance for the high-
frequency (open diamond) and low-frequency (closed diamond)
methyl resonances (A). Net magnetization was corrected for the
fraction of C8 participating in rotational resonance in each case
(as specified in text), and the curves are from the simulations
corresponding to a best-fitting internuclear distance of 4.05 Å (solid
line) and for 4.30 (dashed line) and 3.80 Å (dotted line) representing
an estimation of the upper and lower limit. Experimental data for
magnetization exchange are between C8 and C18 (open circles),
and data are corrected to represent the rapid phase of exchange
(closed circles) for the major component. Simulated curves are for
the best fit to the internuclear distance of 2.95 Å (solid curve) and
for the estimated upper and lower limits of 3.10 (dashed line) and
2.80 Å (dotted line), respectively (B).
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from C8 or C18 in the protein chromophore; all structural
forms are simultaneously recoupled during rotational reso-
nance.

To obtain a good fit to the intensity remaining at longer
mixing times, a correction of 30% was applied for the
proportion of C8 and C18 not participating in the major rapid
phase (<5 ms) of exchange. Rounding up the proportion of
nonexchanging minor components by a few percent over that
which was deconvoluted from the equilibrium spectrum of
C16 and C17 (26%) is also justified from the 6% difference
in intensities between the methyl signals in the major
component. This indicated that a small proportion of the
minor component intensity was not successfully deconvo-
luted from resonancea in the equilibrium spectrum. The best
fit to the corrected data for exchange between C8 and C18
(filled circles, Figure 3B) corresponds to an internuclear
distance of 2.95 Å (Figure 3B). The rapid exchange,
relatively small experimental scatter in the exchange data,
and distinctive oscillatory features combine to provide a
relatively narrow range of uncertainty in this measurement,
estimated from the variability in the data to be between 2.80
and 3.10 Å (Figure 3B). This range again does not account
for any of the possible systematic errors mentioned above.
The assumption implicit in the analysis that the minor, slow
phase of magnetization exchange will not significantly
contribute to the rapid exchange rate for the major population
of retinylidene in rhodopsin (∼70%) is reasonable over the
short times (∼5 ms) required for the majority of this
exchange to be completed.

A summary of the isotropic chemical shift and structural
data derived from this study is given in Table 1 together
with data from other sources on related compounds. While
the ring methyl chemical shifts are not very informative about
the absolute conformation of the ring to the chain, the C8
chemical shift is highly sensitive to the isomeric state around
the C6-C7 bond. The C8 chemical shift decreases by as
much as 8 ppm on changing from 6-s-cis to 6-s-trans,
possibly due to a steric effect with the C16/C17 methyls.
The retinal C8 chemical shift in rhodopsin is similar to that

previously reported (139.2 ppm; ref4) and is well within
the range of chemical shift for the6-s-cisforms, as also noted
previously (4), in contrast to retinal in bR, which exhibits a
6-s-transshift at C8. The mean distance between the C8 and
the C16/C17 methyl groups in rhodopsin is equivalent to
that used to simulate rotational resonance exchange between
C8 and C18 in bR, indicating that the major form of
retinylidene has the opposite conformation about the C6-
C7 bond in these two proteins. Comparing the distances from
C8 to C18 (2.95 Å) and to C16 and C17 (4.05 Å) also
describes the 6-s-cisorientation for the major portion of the
chromophore in rhodopsin. The minor form of the chro-
mophore, if responsible for the slow phase of exchange
between C8 and C18, should tend toward the opposite 6-s-
trans conformation of the ring. This interpretation is rein-
forced by the finding that both the additional minor
resonances observed from C16 and C17 appear to exchange
more rapidly with C8 than the major resonances (data not
shown), which is also consistent with the alternate, 6-s-trans
conformation. However, the absence of any discrete portion
of the C8 signal appearing at lower chemical shift, as noted
above for the 6-s-trans analogues, may indicate that the
minor form did not adopt a well-defined planar state. The
minor component would also appear to be present in roughly
equal proportions in both regenerated protein samples (26-
30%). The lack of further labeled retinals prevented any
investigation of whether these levels of minor component
could be affected by adaptations in the regeneration proce-
dure.

The chemical shift inequivalence between the C16 and
the C17 methyl groups can be accounted for solely on the
basis of intramolecular steric effects within the chromophore.
Indeed, chemical shift inequivalence between these methyl
groups is observed in the crystalline analogues (Table 1) and
this more clearly relates to differences in the intramolecular
interactions for these groups. The inequivalence between C16
and C17 in rhodopsin is larger than in the crystalline
analogues reported here (Table 1) and involves greater
shielding for one of these methyl groups (lowest chemical
shift). However, the 4.3 ppm separation observed here
between the C16 and the C17 signal in the protein is well
within the range of chemical shift differences found between
methyl groups in equatorial and axial orientation on cyclo-
hexanes (20, 21). Specifically, where an axial methyl is
buttressed with a geminal equatorial methyl, as possible
between C16 and C17, then its steric interaction with the
axial protons on theγ-carbons in a cyclohexane ring can
result in a shift of 4.2 ppm per ring proton interaction (22).
This matches the shift difference observed here where the
C16 or C17 methyl group can interact with an axial ring
proton from only oneγ-carbon (C3) in the retinylidene ring.
Although this agreement shows that an equatorial and axial
configuration for C16 and C17 can fully account for their
differences in chemical shift observed within the protein, it
does not yield the precise orientations of these methyl groups
on the ring. Without such specific structural information, the
distance constraints from the C16 and C17 methyl groups
cannot be used to predict the degree of twist in the polyene
chain with any great certainty. Thus, an estimation of the
twist between the polyene chain and the ring currently relies
only on the distance measured between the C8 and the C18
methyl group. This shorter internuclear distance is nonethe-

Table 1: Summary of13C Chemical Shift and Distance
Measurements for Retinal in Rhodopsin, Including Data Reported
for bR and Crystalline Analogues

chemical shifts (ppm)

C8 C16/17 C18

bovine rhodopsin (native
membrane)

139.4a 30.7/26.4a 22.1a

6-s-cis
all transretinal 138.2b 31.7/28.9c 23.3c

retinoic acid 138.9b 32.5/28.7d 24.1d

bR (purple membrane) 131.6, 132.7b 28.9b 22.0b

6-s-trans
13-cis-retinal <133b

retinoic acid 130.9d 30.9/27.3d 20.8d

distance from C8 (Å)

C16/17 C18

bovine rhodopsin 4.05( 0.25a 2.95( 0.15a

bR ∼4.1e

a Measured here and referenced against adamantane methylene (38.6
ppm). b Ref 29. c Protonated Schiff base form: ref30. d Ref 30. e Ref
9.
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less obtained with greatest precision, and this measurement
is made from the most rigid segment of the ring (C4-C5-
C6), which is least likely to be perturbed in the protein.

Starting from the crystal structure of 11-Z-retinal (23), as
used for modeling the chromophore from other NMR studies
(3) and also in the protein crystal data (5), the distance
measured between C8 and C18 (2.95 Å) predicts an out-of-
plane twist of 28° in the chain as shown in Figure 4. The
structure presented in Figure 4 also has the C16 and C17
methyl groups equidistant (4.19 Å) from C8. This was
achieved by tilting the C2-C1-C6 ring segment to bring
C17 more into axial orientation, as required by the larger
steric shift observed for C16 or C17 in the protein, as
compared with 6-s-ciscrystalline analogues (Table 1). This
reorientation within the ring increases the C5-C6-C1-C17
torsion angle to+100°, only 5° more toward the axial
orientation than in the crystalline retinal and so involves far
less manipulation of the starting structure than would be
necessary for bringing the C16 methyl into axial orientation.
The twist in the chain is made in the opposite sense to the
C17 reorientation (C5-C6-C7-C8 torsion angle )
-28 ( 7°), since this provides the largest twist while
maintaining C16 and C17 equidistant from C8 and agrees
with the sense of twist used to fit the retinylidene electron
density resolved from the current crystallographic data on
the dark-adapted protein (5). The out-of-plane twist is
important for reducing steric interactions between the chain
and the ring, thereby stabilizing retinylidene in the ground
state, dark-adapted rhodopsin. The 28( 7° twist arrived at
here from the shorter C8-C18 measured internuclear
distance is, however, quite modest as compared with that
generally found in the naturally occurring 6-s-ciscarotenoid
analogues, which normally range between 30 and 70° (6).
The(7° range on this torsion angle is strictly only obtained
from the upper limit for the C8-C18 distance (3.1 Å), the
lower distance limit (2.8 Å) being too short to be attained
by simply manipulating this torsion angle in the starting
structure. This limitation emphasizes the need to incorporate
distances to all ring methyl groups in order to specify full
limits on the torsion angle as well as improving the overall
certainty in its estimation. Combining all distances measured

here will require a specific determination of the C16 and
C17 methyl group orientations with respect to the ring.

The current results show decisively that the ring in the
rhodopsin chromophore has a preferred 6-s-cis orientation
in the dark-adapted protein, in contrast to the twisted 6-s-
trans conformation deduced for the2H NMR static and
MAOSS measurements (7). A number of studies have shown
that a variety of retinal analogues can be accommodated
within the binding pocket in rhodopsin (24-26), which may
help explain the existence of minor alternative structural
forms in the current study. It was possible that a similar
degree of structural heterogeneity with the chromophore
could have interfered with the analysis of methyl orientations
from the 2H NMR measurements. Because the total2H
isotropic chemical shift dispersion is relatively small (ca. 10
ppm), different populations would cause a number of
overlapping sideband families that are hard to deconvolute.
This was not attempted in the original2H NMR study since
there was no reason to assume a population mix in the ground
state of the protein. Only an orientational distribution caused
by sample disorder (mosaic spread) had been included.
Subsequent computer simulations of MAOSS spectra from
the C18 ring methyl group, including minor components,
did not yield another interpretation of the orientation in the
major component in most cases but resulted in a small degree
of uncertainty in the interpretation of the2H NMR data.

The structural flexibility noted within the binding pocket
(24-26) has mainly been associated with the location of the
ring segment. In the most recent work (26), it was concluded
that even various conformations locked within the chain
segment are accommodated, not by relocating the chain, but
by cis to trans ring flips being allowed within the protein. It
was important to determine whether such ring flips could
be induced in the chromophore by the processes of protein
isolation and then reinsertion into saturated lipids, as used
for the 2H NMR measurements. Work currently being
undertaken in these and other (W. de Grip, Nijmegen)
laboratories on rhodopsin regenerated with singly13C-labeled
retinals suggests that the conformation of the ring is not
significantly perturbed when the protein is isolated and then
introduced into the saturated phospholipid used in the2H
NMR measurements.

The only remaining major source of error in the previous
structural determination from the2H NMR measurements
could come from some unreliability in other structural
information used to combine the orientation information into
a structural model, such as the degree and sense of twists
along the length of the polyene chain of the chromophore
(7). Indeed, some of these details remain contentious, as
evidenced by recent efforts to confirm the sense of twist
around the C12-C13 bond in the chain (27, 28). It is likely
that such issues will only become fully settled with a
complete high-resolution structure of the chromophore in
rhodopsin.
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FIGURE 4: Orientational manipulation of the 11-Z-retinal structure
from crystal data (23) obtained by incorporating the internuclear
distance measurements (Table 1) made here. The C8-C18 inter-
nuclear distance of 2.95 Å is used here to predict the out-of-plane
twist in the retinal chain (C5-C6-C7-C8 torsion angle) -28°).
The orientation selected for the axial and equatorial configuration
of C17 and C16, respectively, places the methyl groups equidistant
from C8 at 4.19 Å (measured 4.05( 0.25 Å for both groups).
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