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Abstract
Solid-state NMR spectroscopy gives a powerful avenue for investigating G protein-coupled
receptors and other integral membrane proteins in a native-like environment. This article reviews
the use of solid-state 2H NMR to study the retinal cofactor of rhodopsin in the dark state as well as
the meta I and meta II photointermediates. Site-specific 2H NMR labels have been introduced into
three regions (methyl groups) of retinal that are crucially important for the photochemical function
of rhodopsin. Despite its phenomenal stability 2H NMR spectroscopy indicates retinal undergoes
rapid fluctuations within the protein binding cavity. The spectral lineshapes reveal the methyl
groups spin rapidly about their three-fold (C3) axes with an order parameter for the off-axial
motion of SC3 ≈ 0.9. For the dark state, the 2H NMR structure of 11-cis-retinal manifests torsional
twisting of both the polyene chain and the β-ionone ring due to steric interactions of the ligand and
the protein. Retinal is accommodated within the rhodopsin binding pocket with a negative pretwist
about the C11=C12 double bond. Conformational distortion explains its rapid photochemistry and
reveals the trajectory of the 11-cis to trans isomerization. In addition, 2H NMR has been applied
to study the retinylidene dynamics in the dark and light-activated states. Upon isomerization there
are drastic changes in the mobility of all three methyl groups. The relaxation data support an
activation mechanism whereby the β-ionone ring of retinal stays in nearly the same environment,
without a large displacement of the ligand. Interactions of the β-ionone ring and the retinylidene
Schiff base with the protein transmit the force of the retinal isomerization. Solid-state 2H NMR
thus provides information about the flow of energy that triggers changes in hydrogen-bonding
networks and helix movements in the activation mechanism of the photoreceptor.

INTRODUCTION
Currently, receptors, transporters and ion channels are the focus of intense efforts to
establish the structures and actions of membrane proteins (1–14). Aside from their
fundamental significance these classes of proteins constitute particularly important
therapeutic targets (15,16). Knowledge of the mechanism of receptor activation is a prime
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objective in the field of biological signal transduction. Yet structural knowledge is not
always forthcoming for membrane proteins, as they are often refractory to crystallization.
Another important aspect is that protein dynamics along the reaction coordinate may be
implicated in their mechanisms of action. In this context solid-state NMR spectroscopy can
reveal structural and dynamical knowledge for biological systems that are largely
inaccessible to other biophysical or biochemical methods. Solid-state NMR is becoming
recognized as complementary to X-ray crystallography in that local conformation changes in
proteins can be probed in a native-like environment. For membrane proteins information is
obtained about the structure and dynamics of bound cofactors, as well as the polypeptide
backbone and amino acid side chains (16–28). An added feature is that the membrane lipid
bilayer can also be investigated (29,30). It is known that lipids significantly affect key
biological activities in the case of the visual receptor rhodopsin and other proteins (31–34).

This review describes studies of rhodopsin as a prototype for the cellular G protein-coupled
receptors (GPCRs) implicated in many biological responses in humans (35). Application of
solid-state 2H NMR spectroscopy provides information about interactions involved in
receptor activation that is unobtainable from crystallography or other biophysical methods.
Following light absorption, the molecular rearrangements within retinal govern the transition
from the inactive dark state to the preactive meta I state occurring within a few milliseconds.
Effectively this is the time it takes retinal to relax and convey its photon-encoded
information to the rhodopsin binding pocket, after which the fully activated meta II state is
formed. Although the mechanism of rhodopsin activation remains unknown, interactions
that can affect the conformation of retinal include the protonated Schiff base (PSB) with its
carboxylate counterion, the C9-methyl group of the polyene chain and the β-ionone ring
within its hydrophobic binding pocket. Interestingly, the retinylidene methyl groups may
play a crucial role in rhodopsin function, e.g. by directing conformational changes upon
transition into the active state.

Rhodopsin activation has been explored at an atomistic level by conducting 2H NMR studies
of retinal in which the methyl groups are site-specifically labeled with deuterium. Each of
the three sites investigated correspond to regions of the ligand known to be crucial for
receptor function (36). The specific hypothesis tested is that dihedral twisting and
fluctuations of the retinal cofactor of rhodopsin are tightly coupled to light activation of the
receptor. This work has addressed the following questions. (1) How can solid-state NMR
give information pertinent to the dynamical structure of cofactors bound to integral
membrane proteins? (2) Are there site-specific variations in local dynamics of the retinal
cofactor of rhodopsin that explain its activation mechanism? (3) What are the interactions of
retinal with rhodopsin that change with light activation of the photoreceptor? To address
such questions, planar-supported fully hydrated membranes were investigated versus the tilt
angle to the magnetic field. The oriented membranes involve substantial alignment disorder,
and thus a proper treatment of the mosaic spread is vital to determining accurate bond angle
restraints. Simulation of the solid-state 2H NMR lineshapes gives both the methyl group
orientations and the alignment disorder (mosaic spread) of the membrane stack. In this way
the retinal structure within the protein binding pocket is established in the different
intermediates. Most interestingly, the 2H NMR structure of 11-cis retinal in the dark state
shows torsional twisting involving both the polyene chain and the β-ionone ring. For
rhodopsin the retinal cofactor is locked within the binding pocket with a negative pretwist
about the C11=C12 double bond. This explains both the dark-state stability as well as its
rapid photochemistry, and indicates the trajectory of the light-induced 11-cis to trans
isomerization. Further, solid-state 2H NMR relaxation studies show striking influences of
the protein on the site-specific methyl dynamics. Little change is evident for the activated
meta II state versus the meta I state, indicating the major structural relaxation of the retinal
cofactor has occurred already at the meta I intermediate in the activation mechanism. These
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results suggest the β-ionone ring and the Schiff base end of the ligand transmit the force of
retinal isomerization to yield movement of the helices that accompany receptor activation
(37,38).

SOLID-STATE NMR SPECTROSCOPY OF MEMBRANE PROTEINS
How can solid-state NMR provide information of biological relevance to the activation
mechanism of rhodopsin and other membrane receptors? Here angular and positional
constraints are pertinent to biomolecular structure and dynamics (39). Knowledge of
connectivities of the functional groups (40,41) and interatomic distances (42,43) provide
important structural restraints for noncrystalline biomolecular systems. Applications include
membrane proteins and peptides (16,21,23,25–27,44–49), biopolymer fibers (50,51) and
amyloid fibrils (52–54). In solid-state NMR, information about biomolecular dynamics is
obtained from order parameters (55) and relaxation rates (56) as model-free experimental
observables. It is distinguished from solution NMR by the absence of unrestricted tumbling
of the molecules, meaning that investigations into molecular solids, liquid crystals,
membranes, and protein aggregates are all possible (16,41). One should recognize that solid-
state NMR spectroscopy does not imply that actual solid samples are studied. Rather, the
anisotropies of the magnetic or electrical interactions are not completely averaged away by
the fluctuations, as in solid-like or liquid-crystalline samples with considerable internal
mobility; or conversely, liquid-like samples that can have a local structure. It follows that
NMR provides a rich source of information about biomolecular structure and dynamics that
can be used in concert with other complementary approaches (such as X-ray
crystallography) (41,57).

To continue further, solid-state NMR spectra manifest the dipolar, chemical shift, or
quadrupolar interactions of the atomic nuclei of the molecules. The dipolar interaction
represents the direct or through-space coupling between the magnetic moments of nuclear
spins that are geometrically in close proximity. The chemical shift is due to shielding of the
magnetic moment of a nucleus from the applied magnetic field, and arises from the orbital
motions of the electrons within a molecule. Finally, the quadrupolar interaction originates
from coupling of the quadrupole moment of a nonspherically symmetric nucleus with the
local electric field gradient of its surroundings. An example is 2H NMR where the electric
field gradient of the chemical bond interacts with the quadrupole moment of a 2H nucleus,
as in the present application to rhodopsin. The dipolar, chemical shift, or quadrupolar
interactions are generally formulated in terms of nuclear spin interaction tensors that
describe either the interatomic distances, or the orientations of the functional groups of the
molecules relative to an appropriate axis system. Distances between nuclear spins are
estimated from dipolar couplings in either random or aligned samples. However, typically
studies of unaligned samples (as in magic-angle spinning [MAS]) do not yield direct
knowledge of the tensor orientations with respect to the membrane. Rather, for dipolar
interactions the tensor principal values correspond to distance restraints, or in the case of
rigid molecules the distances themselves. Alternatively one can obtain angular restraints by
studying macroscopically aligned samples in analogy with X-ray crystallography.

Solid-state NMR of aligned biomolecules thus enables one to investigate the orientations of
the coupling tensors (dipolar, chemical shift, quadrupolar) with respect to the alignment
axis. For biomembranes the constituents do not undergo overall isotropic reorientation, in
contrast to proteins in solution or detergent micelles. As a result, solid-state NMR spectra of
aligned membranes can provide the bond orientations directly, e.g. the C–2H bonds of
proteins, cofactors, or the membrane lipid bilayer itself. By investigating different 2H-
labeled positions, the relative tensor orientations can be determined, which allows one to
determine the torsional (dihedral) angles about the various bonds of interest. When mobility
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is present the residual quadrupolar couplings (RQCs) are measured without the introduction
of a motional model, which are related to the segmental order parameters and to the average
molecular structure. Finally, the 2H nuclear spin relaxation detects internal dynamics or
mobility in the case of either the membrane proteins or membrane lipids (58). The nuclear
spin relaxation rates, e.g. the relaxation of Zeeman order (R1Z) or quadrupolar order (R1Q)
(29,30) are obtained as model-free observables. The dynamical parameters involve the
spectral densities of motion, which depend on correlation times, and can be expressed in
terms of a pre-exponential factor (for mobility within a potential well), together with the
corresponding barrier height (activation energy Ea). In this way, information is obtained
about both the structural properties and dynamics of the membrane constituents using a
combination of 2H NMR spectral measurements and relaxation methods.

DEUTERIUM NMR IS USED TO STUDY RHODOPSIN IN A NATIVE-LIKE
MEMBRANE ENVIRONMENT

For rhodopsin (20,59,60) organic synthesis (36,61–63) has been applied extensively to 2H
and 13C labeling of retinal for solid-state NMR applications. Using this strategy one can
apply 2H NMR to integral membrane proteins, e.g. channels, transporters or receptors.
Retinal was site-specifically labeled by deuteration of the methyl groups followed by
regeneration of the apoprotein. 2H NMR studies of aligned membrane samples were
conducted under conditions where rotational and translational diffusion of the protein were
absent on the NMR time scale (20,64). Hence, the focus is mainly on the equilibrium
structures as investigated by solid-state 2H NMR lineshapes. For 2H NMR experiments with
rhodopsin, the different methyl groups of the cofactor are specifically deuterated (Fig. 1).
This isotopic labeling is an isomorphic replacement that does not change the chemistry of
the photoisomerization. The 2H NMR method allows one to study the orientation of a single
labeled group in an oriented sample. It can be used to study local structural changes and is
complementary to X-ray diffraction (10,11,65,66).

Figure 1a–c shows illustrative 2H NMR spectra of 11-Z-[9-C2H3]-retinal bound to rhodopsin
in random (nonaligned) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
membrane dispersions. So-called powder-type samples have been investigated over a
temperature range from −30 to −150°C, well below the lipid order–disorder transition
temperature (Tm = −5°C for POPC). The lowest temperature studied, T = −150°C, is close
to the cryogenic temperatures employed in X-ray crystallography of rhodopsin
(3,6,10,11,14). Below Tm the 2H NMR spectra correspond to the lipid gel state, where
rotational and translational diffusion of both the protein (67,68) and lipid components are
diminished on the 2H NMR time scale (<10 μs for rotating methyls). The 2H NMR spectra
were simulated using the well-known theoretical expression for a Pake doublet due to a
spherical distribution of EFG principal axes (69). Beneath the powder pattern the residuals
between the fit and the data are plotted. In Fig. 1d the spectral probability density p(ξ±) for
the two spin I = 1 spectral branches is graphed against the reduced frequencies ξ±. For
comparison, additional powder-type 2H NMR spectra of 11-Z-[5-C2H3]-retinylidene
rhodopsin and 11-Z-[13-C2H3]-retinylidene rhodopsin in POPC membranes (1:50) are
shown in Fig. 1e,f, respectively.

An immediate conclusion is that the quadrupolar coupling (electric field gradient; EFG
tensor) is motionally averaged versus the static EFG coupling tensor for an aliphatic C–2H
bond. The averaging is due to rapid three-fold rotation of the methyl groups on the 2H NMR
time scale (<10 μs) at all temperatures studied, down to at least −150°C. For if there was a
large off-axial motion of the methyl groups, then the RQC would be significantly less, as
seen for liquid-crystalline lipid bilayers (69,70). As the observed coupling is near the
theoretical limit for methyl three-fold rotation, it can be deduced there is little additional
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rotation of the protein on the 2H NMR time scale in the gel-state lipid bilayer. This finding
agrees with spin-label EPR studies of rhodopsin rotational diffusion (67,68). Furthermore,
comparison of the RQC to the theoretical value for a rotating C–C2H3 group indicates the
order parameter for the methyl three-fold axis is SC3 = 38/41.75 ≈ 0.9 for each for the three
methyl groups (64), corresponding to off-axial fluctuations of about 15°. Despite the
spectacular dark-state stability of retinal, it nonetheless has appreciable mobility with the
rhodopsin binding pocket, with rapidly rotating methyls and restricted off-axial fluctuations.

On the other hand, knowledge of the methyl orientation within the protein or membrane
frame is largely unavailable from studies of nonaligned membrane dispersions. The same is
true for dipolar recoupling experiments under MAS, which provide distances but not angles
with respect to the membrane. To obtain such orientational restraints on the ligand
conformation it is necessary to investigate aligned samples. By measuring a tilt series, one
can determine the tensor orientation with respect to the laboratory frame in analogy with X-
ray crystallography of oriented single crystals. Moreover by combining results from aligned
samples (20,64) with distance restraints using MAS 13C NMR (71,72) one can eliminate
multiple solutions and obtain a more complete picture of the retinal conformation, as well as
the interaction with amino acid residues lining the rhodopsin binding pocket. In this regard,
the approach corresponds to solution NMR spectroscopy whereby the nuclear Overhauser
enhancements give the distance restraints, and angular restraints are provided by residual
dipolar couplings (73,74).

The preparation of highly aligned membranes containing proteins is the counterpart of
obtaining 3D crystals in X-ray crystallography (3,11,12,75–77). Rhodopsin was aligned on
planar substrates by isopotential spin-dry centrifugation of the membranes onto glass slides
(20,78). For 2H NMR the quadrupolar frequencies of the two I = 1 spectral branches depend
on the orientation of the C–2H bond (the principal axis of the electric field gradient tensor)
to the main magnetic field B0. The strategy is to decompose the overall angle of the C–C2H3
bond to the magnetic field in terms of various angles that characterize the biomembrane and
receptor geometry. (Only static distributions are considered and motional rates appear only
through the intrinsic linebroadening in the simulations.) By simulating the solid-state NMR
spectra one can determine the retinal bond angles with respect to the protein, as well as the
degree of alignment disorder (mosaic spread) of the oriented membrane stack.

SITE-DIRECTED DEUTERIUM NMR GIVES ORIENTATIONAL RESTRAINTS
FOR RETINAL CONFORMATION

For the case of aligned biomolecules, the general aim is to determine the coupling tensor
orientation within the alignment frame, e.g. the quadrupolar or dipolar coupling. One can
then use the angular restraints for structure determination. However, hydrated membranes
containing proteins or peptides can involve substantial alignment disorder, i.e. the individual
membrane normals are not all completely aligned. Rather, they are distributed about the
normal to the planar glass supports, so that the lineshape consists of inhomogeneously
broadened lines due to a superposition of contributions from the various membrane domains.
This distribution is known as the mosaic spread of the sample (79). Thus, an important
aspect with regard to biomembrane applications is the correct treatment of the distribution of
local membrane normals relative to the average alignment axis (79). For rhodopsin, the
retinal structure within the binding cavity can be represented by three planes collinear with
the methyl bonds of interest, which comprise the β-ionone ring and the polyene chain to
either side of the C12–C13 bond. The relative orientations of the quadrupolar coupling
tensors involve pairs of the methyl groups, and allow one to calculate effective torsional
angles between the different planes of unsaturation of the retinal chromophore (20).
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Angular restraints are obtained from 2H NMR spectroscopy of aligned membrane samples
The theory of the 2H NMR lineshapes has been previously worked out for such a uniaxial,
immobile distribution (79). The lineshape in principle allows us to include any arbitrary
distribution (18,79). The frequency separation of the single-quantum transitions

(quadrupolar splitting) is given by , where θ̃ is the angle between
the C–C2H3 bond axis and the magnetic field B0, which may vary due to rotation about the

membrane normal for nonzero tilt. Here  is the splitting of the two lines for θ
= 90° in the case of a nonoriented powder-type sample. The residual quadrupolar coupling
constant 〈χQ〉 is averaged by the methyl group motion, and depends on the static coupling
constant χQ (=170 kHz), the tetrahedral geometry of the methyl group, and the order

parameter  for the off-axial motion (64), where  is
the effective quadrupolar coupling constant for the rotating methyl group. The value of

 for a rotating methyl group in the fast motional limit that applies to our
samples (18,64,80). To obtain the C–C2H3 bond orientation for cases where

 it is necessary to simulate a tilt series of angular-dependent 2H NMR
spectra, as noted above (18–20,64,79). Either an analytical solution in mathematical closed
form or a numerical Monte Carlo procedure is used to simulate the lineshape with four free
parameters (the bond orientation θB, membrane tilt angle to the magnetic field, mosaic
spread and residual quadrupolar coupling 〈χQ〉), together with the intrinsic line broadening.
Further description of the mathematical treatment can be found elsewhere (18,19,79).

Application of solid-state 2H NMR to G protein-coupled receptor rhodopsin
The visual pigment rhodopsin is an example of a GPCR, for which the ligand is 11-cis-
retinal. The activation of rhodopsin in the visual process and the X-ray crystal structure
(3,5,6,10,11,14) have been reviewed (81–85). Briefly, rhodopsin has seven transmembrane
helices with a ligand-binding pocket in its center. An additional helix that runs
approximately parallel to the membrane surface is also found, to which posttranslational
lipid modifications are attached. Here the retinal chromophore functions as a light-activated
switch, and generates a signaling state in a time-ordered sequence that is thermodynamically
irreversible. For rhodopsin, the site-directed 2H NMR approach was used for structural
analysis of retinal within its binding cavity in the dark-adapted (11-cis) and preactivated
meta I (all-trans) states. The meta I and meta II states of rhodopsin correspond to the low-
affinity and high-affinity forms of ligand-activated GPCRs. Three sites of interaction within
the binding cavity are implicated, viz. the PSB and its associated counterion, the polyene
chain with its C9-methyl group and the β-ionone ring which is in a hydrophobic pocket. Our
hypothesis is that specific methyl binding sites are necessary for rhodopsin pigment
formation and photoreceptor activation (36). The interaction sites are probed by 2H NMR of
the C5-, C9- and C13-methyl groups. Solid-state 2H NMR of the planar-supported bilayers
provides the orientation of retinal as well as its conformation within the protein binding
pocket. Differences in the retinal conformation and orientation as revealed by solid-state 2H
NMR spectroscopy are significant for explaining the mechanism of action of rhodopsin. In
particular, we are able to capture individually subtle changes along the reaction coordinate,
and most important their dynamical fingerprints.

Solid-state 2H NMR of rhodopsin in oriented membranes allows structural analysis for
retinal cofactor

In this work, the opsin apoprotein was regenerated with 11-Z-[5-C2H3]-, 11-Z-[9-C2H3]- and
11-Z-[13-C2H3]-retinals, i.e. 11-cis-retinal deuterated at the C5-, C9- or C13-methyl groups.
The selectively deuterated retinals were prepared by total organic synthesis (86). Thereafter,

Brown et al. Page 6

Photochem Photobiol. Author manuscript; available in PMC 2010 April 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rhodopsin was recombined with POPC (1:50 protein/lipid molar ratio) followed by
alignment of the membrane bilayers on planar glass substrates by isopotential
ultracentrifugation (20,87). From a tilt series of the oriented sample spectra in the magnetic
field and an analysis of the 2H NMR line shapes (necessary to distinguish complementary
angle solutions), the angles between the individual C–C2H3 bonds and the membrane
normal could be determined, even in the presence of a substantial degree of orientational
disorder. The angular-dependent 2H NMR spectra were measured below the order–disorder
transition temperature (Tm) of the membrane lipid bilayers. Below Tm rhodopsin is in a state
of substantially reduced mobility, due to the presence of gel state lipids, as shown by freeze-
fracture electron microscopy studies (88) and spin-label EPR spectroscopy (67,68). The 2H
NMR studies show that the retinylidene methyl groups are all rotating at temperatures down
to at least −150°C (20,80). In Fig. 2 we show a tilt series of angular-dependent 2H NMR
spectra for rhodopsin/POPC membranes in the dark state having retinal deuterated at the
C5-, C9- or C13-methyl groups at T = −150°C. As can be seen, characteristic lineshape
changes are evident as a function of the tilt angle. The lineshapes differ for the various
deuterated methyl positions due to the different C–C2H3 bond orientations with respect to
the membrane plane.

Some qualitative deductions can be made by simply considering the angular dependence of
the 2H NMR spectra. From the appearance of the θ = 90° spectral shoulders one can
conclude that the bond orientation θB must be greater than ≈ 30–45° in each case (79,89).
However due to the alignment disorder, the lineshapes must be numerically calculated to
obtain accurate information. Theoretical simulations in Fig. 2 assume a static uniaxial
distribution (79) of the rhodopsin molecules with rotating methyl groups, and are
superimposed on the experimental 2H NMR data. Similar results are obtained at
temperatures of T = −60 and −30°C (86). Simultaneous fitting of the 2H NMR lineshapes
gives the orientations of the various methyl C–C2H3 axes relative to the bilayer normal,
together with the mosaic spread of the aligned samples. For a given sample orientation the
spectra were all fit with the same values of the adjustable fitting parameters. In accord with
results obtained for powder-type samples (Fig. 1), off-axial order parameters were obtained
for the rotating methyl groups of SC3 ≈ 0.9. Excellent agreement between the experimental
and simulated lineshapes was found in all cases as evinced by the flat residuals (data not
shown).

The outcome of the global fitting of 2H NMR lineshapes is shown in Fig. 3 (left) for the C5-,
C9- or C13-methyl groups of retinal bound to rhodopsin in POPC membranes in the dark
state. Here the root mean square deviation (RMSD) of the calculated 2H NMR spectra from
the experimental results for the full tilt series is plotted versus the methyl bond orientation
θB and the mosaic spread σ, and is seen to differ appreciably for the 2H-labeled sites. Figure
3 (right) shows cross-sections through the RMSD surfaces at the global minimum for the
C5-, C9- and C13-methyl groups, respectively. Accurate bond orientations θB of the 2H-
labeled methyl groups are obtained, despite the large mosaic spread (σ= 18–21°). The
mosaic spread obtained from the 2H NMR lineshape simulations is greater than for aligned
purple membranes containing bacteriorhodopsin (18). This may be due to the fact that
rhodopsin (Mr = 40 kDa) is a larger molecule than bR (Mr = 26 kDa), with appreciable
extramembranous domains (90). In this way, we determined values of the C–C2H3 bond
orientations of 70 ± 3°, 52 ± 3° and 68 ± 2° for the C5-, C9- and C13-methyl groups of
retinal in the dark state of rhodopsin (20).

Analysis of 2H NMR data reveals torsional twisting of retinal chromophore in dark-adapted
state

For rhodopsin, interpretation of the 2H NMR lineshapes was focused on determining the
conformation of the retinal cofactor. What is the 3D structure of the retinal chromophore in
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rhodopsin as viewed by 2H NMR? Is distortion of the retinal linked to its photochemistry?
Analysis of the retinal conformation employed a simple model with three planes of
unsaturation (20,91), encompassing the β-ionone ring and the polyene chain to either side of
the C12–C13 bond (20,36,79,91,92). Figure 4 shows that the relative orientations of the C5-,
C9- and C13-methyl groups specify the C6–C7 and C12–C13 dihedral angles. In fact four
(4) orientations are found for each plane giving 4 × 4 = 16 combinations for each torsion
angle connecting the adjacent planes. The problem of multiple solutions due to symmetry of
NMR interactions has been discussed previously (20,24,64,86). Comparison of the 2H NMR
data with the results of other methods (linear and circular dichroism; solid-state MAS 13C
NMR) enables calculation of the unique retinal structure within the rhodopsin binding
cavity. Knowing the relative orientations of coupling tensors (bonds) one can then obtain the
torsion angles that define the retinal conformation within the rhodopsin binding cavity (20).

Angular and distance restraints were combined in the structural analysis, as in solution NMR
spectroscopy (74). The angular restraints were from 2H NMR studies (20,64) and linear
dichroism (93) and distance restraints were from rotational-resonance 13C NMR studies
(72). Circular dichroism data are also available for the dark state of rhodopsin, which yield
information about the enantiomeric selectivity of the retinal pocket of the protein (92,94).
The most likely physical solution is shown in Fig. 4, corresponding to a positively twisted,
12-s-trans conformation. Here the C13- and C9-methyl groups point oppositely from the
membrane plane, and the retinylidene β-ionone ring has a negatively twisted 6-s-cis
conformation. In Fig. 4a, a simple three-plane model is assumed which gives dihedral angles
of χ9,13 = +147 ± 4° and χ5,9 = −65 ± 6°. Analysis of the conformation of retinal in
rhodopsin from the 2H NMR data indicates that the chromophore is highly nonplanar, in
contrast to bacteriorhodopsin (18). The 11-cis-retinylidene structure derived from 2H NMR
can be further refined by inserting it into the binding pocket of the X-ray structure of
rhodopsin in the dark state (2.2 Å) (10). On account of steric clashes a simple model is not
readily accommodated within the rhodopsin binding cavity. Figure 4b shows that an
extended three-plane model can then be introduced to allow for pretwisting of the C11=C12
cis-double bond in the direction of isomerization (64). The positive helical twist about the
C12–C13 bond is in agreement with CD and bioorganic studies of locked retinoids (92) and
with our previous 2H NMR results (20). Pretwisting about the 11-cis double bond is
compatible with X-ray (10) and quantum-mechanical calculations (95) and can direct the
chromophore movements upon photoexcitation, in this way affecting the ultrafast reaction
dynamics (64,96).

The structure of retinal obtained in this work is depicted inserted into the binding pocket of
the rhodopsin X-ray structure (10) in Fig. 5. Specific methyl sites are occupied which
contributes to the dihedral twisting of the retinal chromophore in the rhodopsin dark state.
Torsional twisting of the polyene arises from localization of the β-ionone ring within its
hydrophobic pocket at one end of the chromophore, together with the salt bridge of the
retinylidene Schiff base at the other end. In addition, the C9-methyl is positioned between
Thr118 and Tyr268 and also contributes to the torsional twist by preventing rotation of the
polyene about the molecular long axis. The absolute sense of the helical twists of the 11-cis,
12-s-trans and 6-s-cis conformations manifest the chiral selectivity of the binding site. It is
proposed that this is related to the trajectory of the 11-cis to trans photoisomerization. The
hydrogen bonding network and salt bridges lock the binding pocket and explain the
phenomenal dark stability. Interactions of the C13-methyl group of retinal with Trp265 help
to stabilize the dark state conformation (97). The configuration of the –C=NH+– bond of the
PSB is anti and its hydrogen points oppositely from the C13 methyl, i.e. toward the
extracellular side in the direction of the counterion Glu113.
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SOLID-STATE NMR ILLUMINATES CHANGES IN RETINAL CONFORMATION
UPON LIGHT ACTIVATION

The next question addressed is how 2H NMR can be applied to understand the molecular
mechanism of rhodopsin activation. What are the changes in the conformation and
orientation of the retinal chromophore of rhodopsin that are coupled to light activation of the
receptor? At present X-ray structures are available for bleached rhodopsin in the
bathorhodopsin and lumirhodopsin states (77) as well as the opsin apoprotein (98). In
addition, an electron density map has been derived for the preactivated meta I state from
electron crystallography at relatively low resolution (5.5 Å in the membrane plane and 11.7
Å perpendicular to the plane) (99). No crystallographic data are currently available for the
activated meta II state. The next step was to measure the tilt series of 2H NMR spectra for
aligned membranes containing rhodopsin in the all-trans meta I state. The 2H NMR
lineshape analysis for meta I gave the orientation θB of the various methyl bonds. Deuterium
NMR structures were determined for meta I using a three-plane model as described (24). In
addition to the C5-, C9- and C13-methyl bond orientations, the electronic transition dipole
moment from linear dichroism studies was introduced as a further orientational restraint
(100). Several NMR structures (86) were eliminated based on electron crystallography data
which suggest that in the meta I state the β-ionone ring occupies its ground state position
(64,86,99). The calculated meta I structures were further restrained by inserting them into
the dark-state rhodopsin structure (10). We assumed that the properties of the retinal binding
cavity were nearly the same in meta I as in the dark state, which is in accord with electron
crystallographic data (99). The structure with χ5,9 = −32° and χ9,13 = 173° fits best within
the binding cleft of the dark-state X-ray structure, having its only close contact with the side
chain of Trp265(86). Although the polyene chain is relaxed in meta I, the β-ionone ring
retains its torsional strain as in the dark state.

Structural relaxation of the retinal chromophore in metarhodopsin I state
A central question is how the conformational distortion following retinal isomerization is
propagated through the protein allosteric network, affecting the cytoplasmic loops and
yielding activation of the receptor (90). In Fig. 5 the 2H NMR structure proposed for all-
trans retinal in the meta I state (red) is compared to the NMR structure of 11-cis retinal in
the dark-adapted state of rhodopsin (green). Isomerization of retinal from 11-cis to all-trans
is in the negative direction due to the pretwist about the C11=C12 double bond in the dark
state, together with the steric hindrance within the binding pocket (96). The Schiff base
hydrogen switches from pointing toward the extracellular side in the dark state to the
cytoplasmic side, which may have implications for a (possibly complex) counterion switch
in meta I (101–103). In the case of rhodopsin, the C13-methyl also changes its orientation to
the membrane upon photon absorption, rotating toward the extracellular side and becoming
parallel to the C9-methyl. This may be essential for directing the retinal movement during
activation (21,97). Steric hindrance between trans-retinal and Trp265 can be involved in
triggering the transition into the active meta II state. In this way, 2H NMR spectroscopy
provides a basis for investigating the changes in retinal conformation and orientation giving
rise to the meta II signaling state in visual excitation.

Combining 2H NMR data with molecular dynamics simulations further illuminates
rhodopsin function

A further aspect entails comparison of the experimental 2H NMR results with molecular
dynamics (MD) simulations (90,103–107). Ultra-large-scale MD simulations have simulated
the chromophore environment in both the dark state (106) as well as the preactivated meta I
state (103). For the dark state, a total of 23 independent, 100-ns all-atom MD simulations
were carried out for rhodopsin embedded in a lipid bilayer and were analyzed in the
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microcanonical (N,V,E) ensemble (106). We found that the polyene chain of retinal is rigidly
locked into a single, twisted conformation, consistent with its function as an inverse agonist
in the dark state. Yet the β-ionone ring is mobile within its binding pocket, as the cavity is
sufficiently large to enable structural heterogeneity. It was found that the β-ionone ring can
occupy two distinct conformations in the dark state (106). The β-ionone ring can rotate
relative to the polyene chain, thereby populating both positively and negatively twisted 6-s-
cis enantiomers. The influences of 11-cis to trans isomerization of the retinal were
investigated by long-time scale simulations of rhodopsin having trajectories of 1000–2000
ns (103). Analysis of the MD and NMR data in the meta I state gave insight into the
counterion switch mechanism that stabilizes the PSB. Retinal PSB deprotonation is
thermodynamically the most important event that characterizes the subsequent activated
meta II state. Comparison of the simulated 2H NMR spectra with experimental data supports
a complex counterion mechanism in which both Glu113 and Glu181 stabilize the retinal PSB
in the meta I state prior to forming the activated meta II state of rhodopsin (103).

FUNCTIONAL DYNAMICS OF RETINAL IN META I AND META II STATES OF
RHODOPSIN ARE ELUCIDATED BY DEUTERIUM NMR RELAXATION

Besides obtaining knowledge of the retinal conformation, solid-state 2H NMR spectroscopy
can be applied to provide information about fluctuations and structural dynamics of the
retinal cofactor in the dark state and the light-activated meta I and meta II states (56). The
unique features of the NMR approach are not replicated by other biophysical techniques and
include the following: First, NMR provides atomic site-resolved information about
dynamics that cannot be obtained with other experimental methods. For instance, X-ray
crystallography gives information about protein mobility only indirectly, e.g. through
Debye-Waller factors that do not distinguish static from dynamic disorder. Only MD
simulations can provide such comprehensive information; yet they are theoretical and in
effect capture a posteriori the results of experimental measurements. Second, rhodopsin is
studied in a membrane environment and information about the activated meta II state is
accessible through solid-state NMR spectroscopy (56,97).

Structural relaxation analysis in solid-state NMR spectroscopy
Protein dynamics are of broad interest in biophysics including NMR spectroscopy and
computational biology. Taken together, such approaches are powerful in complementing the
structural information from equilibrium studies. In the case of solution NMR, relaxation
methods have yielded information about the dynamics of proteins during catalysis and
signaling (108). Analogously, solid-state NMR relaxation methods have been applied to
establish how the mobility of the retinal ligand is related to the structure of the chromophore
and the binding pocket in the different rhodopsin photointermediates, and to shed light on
the functional dynamics. In this way one can build up snapshots of the retinal
photoactivation process. The motional averaged 2H NMR spectral lineshapes reveal directly
that the retinylidene methyl groups undergo rapid spinning about their C3 axes with order
parameters of SC3 ≈ 0.9. A summary of the results of the combined 2H NMR spectral
lineshape and relaxation analysis is provided in Fig. 6. For rhodopsin in the dark state, the
spin-lattice relaxation (T1Z) times were significantly less and corresponding activation
energies Ea were greater for the C5- and C13-methyls than for the C9-methyl group.
Nonbonded interactions yield a lower rate of methyl spinning for the C5- and C13-methyl
groups. The longer T1Z value for the C9 methyl group indicates a shorter rotational
correlation time due to a smaller pre-exponential factor (for motion within a potential well)
and a smaller activation energy (for motion over the potential barrier). Analysis of the
relaxation data shows that the dynamics of the C9- and C13-methyl groups are determined

Brown et al. Page 10

Photochem Photobiol. Author manuscript; available in PMC 2010 April 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mostly by intra-retinal interactions, while the mobility of the C5-methyl may be affected by
interaction of the β-ionone ring with Glu122 and potentially also Trp265.

Changes in retinal dynamics are detected upon photoactivation of rhodopsin
Upon isomerization, there are noticeable changes in the motion of all three methyl groups.
Results for the meta I and meta II states are similar and overall dynamics of the C9- and
C13-methyl groups indicate the absence of significant steric clashes of these groups with the
surrounding amino acids. These results can be explained as follows. After
photoisomerization of retinal, both the C9-methyl and the C13-methyl groups have (1,6)
steric interactions with the contiguous vinyl hydrogens to either side of the substituent.
Twisting about the C11=C12 double bond is reduced due to isomerization of the retinal
cofactor (64) and both methyl groups are in similar environment. Interactions of the C9-
methyl group with Tyr268 and Thr118 do not affect its mobility significantly as on average
they are about 4 Å away; however, they maintain the retinal orientation. A steric clash
between the ligand polyene chain and Trp265 (64) occurs due to straightening of highly
distorted all-trans retinal following isomerization. This leads to displacement of the β-
ionone ring toward helix H3 (77) and the disruption of the hydrogen bonding network
around Glu122 which stabilizes the inactive state. The absence of significant steric clashes of
the C9- and C13-methyl groups with the side-chain amino acids of the binding pocket in
metarhodopsin II may indicate a smaller translation of the ligand toward helix H5 than
indicated by 13C solid-state NMR studies (21). Perhaps more surprising, however, with light
activation there is little change in the mobility of the β-ionone ring. The β-ionone ring
occupies a similar environment up to and including the meta II state. In both the meta I and
meta II states the β-ionone ring maintains the constraints as in the dark state. Its expulsion
from its hydrophobic pocket upon receptor activation is therefore rendered unlikely.
However, this does not rule out helical movements that keep the environment of the β-
ionone ring essentially intact.

Summary
Solid-state deuterium NMR spectroscopy has been applied to study the G-protein-coupled
receptor rhodopsin in the dark, meta I and meta II states. Information about the energy
landscape and mobility of the retinal cofactor is obtained that cannot be obtained with X-ray
crystallography or solution NMR. The findings have implications for the flow of energy in
the activation mechanism of rhodopsin, and are pertinent to triggering changes in hydrogen-
bonding networks and helix movements. For rhodopsin an intriguing aspect is torsional
twisting of the ligand involving both the β-ionone ring and the polyene chain. Retinal
distortion is implicated in the ultra-fast isomerization and high quantum yield. Combining
the solid-state 2H NMR data with the X-ray crystal structure suggests that an extended three-
plane model is applicable that involves torsional twisting about the activated C11=C12
bond. The C11=C12 double bond is pretwisted within the rhodopsin binding pocket in the
direction of the isomerization. The solid-state 2H NMR structure of retinal explains its dark-
state stability, and moreover indicates the direction of the rapid photoisomerization. In the
preactivated meta I state, the major changes in retinal upon isomerization involve the Schiff
base end of the ligand. The β-ionone ring and the polyene with its crucial C9-methyl group
occupy similar binding sites in meta I as in the dark state. Straightening of all-trans retinal
after isomerization yields a steric clash with Trp265 that displaces the β-ionone ring toward
helix H3, and disrupts the hydrogen-bonding network around Glu122. This triggers the
helical movements that yield the receptor activation. Finally, 2H NMR relaxation studies
show remarkable differences in the mobility of retinal that occur along the reaction
coordinate as the ligand switches from an inverse agonist to an agonist. Isomerization leads
to dramatic changes in the motion of the retinylidene methyl groups. The relaxation data
support an activation mechanism whereby the environment of retinal in the preactivated
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meta I state is similar to the active meta II state. Sequential relief of the ligand frustration
(conformational distortion) as detected by solid-state NMR is linked to the activation
mechanism of the membrane-bound visual receptor.
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Figure 1.
Powder-type 2H NMR spectra for rhodopsin with 2Hlabeled retinal in the dark state indicate
rotating methyl groups with large order parameters. (a–c) Experimental 2H NMR spectra for
11-Z-[9-C2H3]-retinylidene rhodopsin, i.e. having 11-cis-retinal deuterated at the C9-methyl
group, in gel-phase POPC membranes (1:50 molar ratio). (d) Theoretical 2H NMR spectrum
for randomly oriented C–C2H3 groups undergoing rapid three-fold rotation on the 2H NMR
time scale (<(3χQ/8)−1 ≈ 10 μs). (e, f) Representative 2H NMR spectra for dark-state 11-Z-
[5-C2H3]-retinylidene rhodopsin and 11-Z-[13-C2H3]-retinylidene rhodopsin, i.e. with 11-
cis-retinal deuterated at the C5-methyl (yellow) or C13-methyl group (red), respectively, in
POPC membranes (1:50). Theoretical 2H NMR spectra for C–C2H3 groups undergoing axial
rotation (continuous color lines) are superimposed on the experimental spectra, with
residuals below. Adapted with permission from Struts et al. (64).
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Figure 2.
Orientation-dependent 2H NMR spectra for aligned rhodopsin POPC (1:50) recombinant
membranes provide angular restraints for retinylidene ligand in the dark state. (a–c) 2H
NMR spectra for 11-Z-[5-C2H3]-retinylidene rhodopsin (blue), 11-Z-[9-C2H3]-retinylidene
rhodopsin (magenta) and 11-Z-[13-C2H3]-retinylidene rhodopsin (green) at pH 7 and T =
−150°C. Theoretical lineshapes for an immobile uniaxial distribution (solid lines) are
superimposed on the experimental 2H NMR spectra. Note that characteristic lineshape
changes are observed as a function of the tilt angle, which manifest the different methyl
bond orientations with respect to the membrane frame. Reproduced with permission from
Struts et al. (64).
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Figure 3.
Global fitting of 2H NMR spectra for 11-cis-retinal in the dark state of rhodopsin gives
methyl bond orientations and mosaic spread of aligned membranes. (a–c) RMSD of
calculated versus experimental 2H NMR spectra for retinal deuterated at C5-, C9- or C13-
methyl groups, respectively and (d–f) cross-sections through hypersurfaces. Distinct minima
are found in the bond orientation θB and mosaic spread σ of aligned membranes.
Reproduced with permission from Struts et al. (64).
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Figure 4.
Solid-state 2H NMR spectroscopy yields conformation and orientation of 11-cis-retinal
ligand in the dark state of rhodopsin. Retinal is described by three planes of unsaturation
(designated A, B, C). (a) Simple three-plane model with torsional twisting only about C6–
C7 and C12–C13 bonds. (b) Extended three-plane model with additional pretwisting about
the C11=C12 double bond. Reproduced with permission from Struts et al. (64).
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Figure 5.
Solid-state NMR provides the structure of retinal ligand of the canonical GPCR rhodopsin.
Vertical direction corresponds to the membrane normal, where the extracellular side is at top
and the cytoplasmic side is below. The 2H NMR structure of 11-cis-retinal in the dark state
(green) is compared to retinal structure in the preactivated metarhodopsin I state (red).
Figure prepared with PyMOL [http://pymol.sourceforge.net/].

Brown et al. Page 22

Photochem Photobiol. Author manuscript; available in PMC 2010 April 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pymol.sourceforge.net/


Figure 6.
Structure and dynamics of retinal within the binding cavity of rhodopsin in the dark state at
−60°C. Analysis of 2H NMR data reveals torsional twisting of retinal that accompanies
nonbonded interactions of the C5- and C13-methyls with the polyene B-plane (for retinal
numbering, see Fig. 1). Average structure of the retinylidene ligand corresponds to a
distorted 6-s-cis,11-cis,12-s-trans,15-anti conformation. Rapid spinning of the methyl
groups about their three-fold axes occurs with correlation times in the range ≈ 1–20 ps and
off-axial order parameters of SC3 ≈ 0.9. The rates of three-fold rotation (in GHz) of the C5-,
C9- and C13-methyl groups and the corresponding activation energies (in kJ mol−1) are
indicated in the figure. Methyl rotation may be coupled to fluctuations of the C6–C7 and
C12–C13 dihedral angles which connect the different planes of unsaturation (A, B and C).
Correlation times and activation barriers for fluctuations of the C5-methyl of the β-ionone
ring are considerably greater than for the polyene C9- or C13-methyl groups. The C9-methyl
group may be implicated in the activation process through a nearly frictionless environment
manifested by the low activation barrier. We propose that site-specific differences in
mobility of the retinal ligand underlie movement of retinal in the activation mechanism of
rhodopsin.
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