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Abstract

Solid-state 2H NMR spectroscopy gives a powerful avenue to investigating the structures of ligands and cofactors bound to integral membrane
proteins. For bacteriorhodopsin (bR) and rhodopsin, 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. The theoretical lineshape treatment involved a static axial distribution of rotating C–
C2H3 groups about the local membrane frame, together with the static axial distribution of the local normal relative to the average normal.
Simulation of solid-state 2H NMR lineshapes gave both the methyl group orientations and the alignment disorder (mosaic spread) of the
membrane stack. The methyl bond orientations provided the angular restraints for structural analysis. In the case of bR the retinal chromophore is
nearly planar in the dark- and all-trans light-adapted states, as well upon isomerization to 13-cis in the M state. The C13-methyl group at the
“business end” of the chromophore changes its orientation to the membrane upon photon absorption, moving towards W182 and thus driving the
proton pump in energy conservation. Moreover, rhodopsin was studied as a prototype for G protein-coupled receptors (GPCRs) implicated in
many biological responses in humans. In contrast to bR, the retinal chromophore of rhodopsin has an 11-cis conformation and is highly twisted in
the dark state. Three sites of interaction affect the torsional deformation of retinal, viz. the protonated Schiff base with its carboxylate counterion;
the C9-methyl group of the polyene; and the β-ionone ring within its hydrophobic pocket. For rhodopsin, the strain energy and dynamics of retinal
as established by 2H NMR are implicated in substituent control of activation. Retinal is locked in a conformation that is twisted in the direction of
the photoisomerization, which explains the dark stability of rhodopsin and allows for ultra-fast isomerization upon absorption of a photon.
Torsional strain is relaxed in the meta I state that precedes subsequent receptor activation. Comparison of the two retinal proteins using solid-state
2H NMR is thus illuminating in terms of their different biological functions.
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1. Introduction and motivation

Deuterium NMR spectroscopy yields a powerful avenue for
investigating the structure and dynamics of integral membrane
proteins. Membrane receptors, transporters, and ion channels
constitute important therapeutic targets and are often refractory
to crystallographic analysis [1]. Although crystallography is
often viewed as the biophysical method of choice for structural
studies, there are great difficulties in using this approach to
accurately describe the functional changes of membrane pro-
teins [2]. For the retinal proteins bacteriorhodopsin (bR) and
rhodopsin, the atomic displacements upon light absorption are
either small [2,3] or lead to disruption of the crystal [4]. The
crystalline lattice resists large-scale conformational changes that
can prevent the significant accumulation of the intermediates of
interest [2,3,5]. A complementary approach is to use solid-state
NMR spectroscopy and to study the local conformation changes
in a native-like membrane environment [6–11], where protein
function is preserved [12–15]. Here, we describe 2H NMR
studies of membranes containing the proton pump bR or rho-
dopsin as a canonical G protein-coupled receptor (GPCR). In
both cases the retinal chromophore was site-specifically labeled
by deuteration of the methyl groups through total organic
synthesis. Solid-state NMR methods involved 2H NMR spec-
troscopy of aligned membranes as a function of the orientation
to the magnetic field, together with theoretical lineshape simu-
lations. Analysis of the solid-state 2H NMR lineshapes entailed
mapping the geometrical distribution of the molecules into the
frequency distribution of the 2H NMR spectra, using either a
closed form or Monte Carlo treatment [16]. From the methyl
bond angles the conformation and orientation of the retinal
cofactor within the protein binding cavity could be established.

An important aspect is that solid-state NMR studies of static
aligned samples can reveal structural knowledge for non-
crystalline biological systems, as in the case of biomembranes.
Our work has investigated the 2H NMR spectra of planar-
supported membranes versus the tilt angle to the magnetic field
under conditions where rotational and translational diffusion of
the protein is effectively quenched. The problem of simulating
the spectral lineshapes of uniaxially oriented immobile samples
arises in solid-state NMR of various biological systems,
including integral membrane proteins [7–9,17,18] and macro-
scopically aligned biopolymer fibers [19,20]. In each case, a
static distribution of the coupling tensors for NMR spin
interactions (quadrupolar or dipolar couplings, chemical shifts)
about a preferred axis is applicable. The oriented membranes
involve substantial alignment disorder, and thus a proper
treatment of the mosaic spread is vital to determining accurate
bond angle restraints. For the retinal proteins bR and rhodopsin,
global fitting of the experimental tilt series of 2H NMR spectra
to a theoretical lineshape analysis for a static uniaxial dis-
tribution gave the retinylidene bond orientations to the
membrane normal. In this way, 2H NMR spectroscopy of the
aligned membranes has allowed us to investigate light-induced
changes in various photointermediate states that are coupled to
their photochemistry and biological activity.

As a first application, bR provides a representative example
for membrane transporters, due to its function as a light-driven



Fig. 1. Powder-type 2H NMR spectra for rhodopsin with 2H-labeled 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.
with 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 3-fold rotation on the 2H NMR time
scale (b (3χQ/8)

−1≈10 μs). (e),(f) Representative 2H NMR spectra for dark-state
11-Z-[5-C2H3]-retinylidene rhodopsin and 11-Z-[13-C

2H3]-retinylidene rhodop-
sin, 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 Ref. [77].
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proton pump [2,13,21]. A nearly planar structure was found in
the dark- and light-adapted states, with an additional light-
induced change upon 13-cis isomerization in the M photo-
intermediate. According to 2H NMR a light-induced switch
occurs in the N–H bond orientation of the retinal chromophore
from the extracellular side to the cytoplasmic side of the mem-
brane in the proton pump mechanism [8]. Moreover rhodopsin
was studied as a prototype for GPCRs in cellular membranes
[22]. Most striking, the 2H NMR structure of 11-cis retinal in
the dark state revealed torsional twisting of the polyene chain
and the β-ionone ring, in direct contrast to bR. For rhodopsin
the retinal cofactor is locked within the binding pocket with a
negative pre-twist about the C11_C12 double bond, which
explains its dark-state stability as well as its rapid photo-
chemistry, and also indicates the trajectory of the light-induced
11-cis to trans isomerization. According to 2H NMR, the retinal
strain is progressively relaxed in forming the pre-activated meta
I state. Conformational differences of the same retinal molecule
in the two retinal proteins are instructive with regard to their
distinctive biological mechanisms of action.

2. Deuterium NMR of retinal proteins in oriented
membrane bilayers

In solid-state NMR spectroscopy one observes coupling
tensors which manifest the nuclear or electronic interactions of
interest [23,24]. The nuclear spin interactions encompass the
chemical shift, the magnetic dipolar coupling (direct or
indirect), and the electric quadrupolar coupling. Physical
interactions are represented by second-rank coupling tensors
using either a Cartesian or spherical basis. The principal values
are related to the strength of the interactions, and the principal
axes are connected with the geometry. Apart from different
principal values and principal axes, the various tensorial inter-
actions all transform in exactly the same way [25]. Spin
interactions are most generally formulated in terms of
irreducible tensors and tensor operators; the same models are
applicable and only the coupling mechanisms differ [23–25].
Together, the NMR lineshapes and relaxation times provide a
unified view of both the structure and dynamics [25]. The
equilibrium structure is related to the static or residual tensorial
interactions as obtained from the NMR lineshape. Fluctuations
of the tensor with respect to the laboratory frame give an
additional time-dependent perturbation that is manifested by
the nuclear spin relaxation. In this article, we focus mainly on
equilibrium structures as investigated by solid-state 2H NMR
lineshapes.

2.1. Angular and positional restraints are related to
biomolecular structure and dynamics

The various solid-state NMR methods generally fall into two
categories. First, dipolar recoupling experiments with unor-
iented samples under magic-angle spinning (MAS) allow
distances to be obtained [26–36], and moreover relative tensor
orientations can yield molecular torsion angles [37–39].
Alternatively, solid-state NMR of aligned membranes [40,41]
can be used to directly study the orientations of membrane
constituents [6,7,9,42,43]. The strategy is well illustrated by
investigations of small peptides in membrane bilayers [42–52]
as well as membrane proteins [6–9,17,53] and lipid bilayers
[54,55]. Here, one determines the angles of the nuclear spin
interaction tensors with respect to an axis of macroscopic align-
ment, e.g. the normal to the membrane surface [7,9,16,17,43,
49]. Analogous information is in principle obtained for oriented
samples rotating under magic angle conditions [18,56]. In fact
combination of angular [7,9,17,43,49] and positional [29,57]
restraints in solid-state NMR is the counterpart of measuring
residual dipolar couplings (RDCs) and nuclear Overhauser
enhancements (NOEs) in solution NMR [58–61]. The angular
and distance restraints are less in solid-state NMR; yet they are
known to higher precision. In either case, the nuclear positions
and bond orientations can be used for structure elucidation.

2.2. Non-aligned samples establish principal values for
nuclear spin interactions

In what follows, we consider the specific case of 2H NMR of
integral membrane proteins, e.g. transporters or receptors. For 2H
NMR experiments with retinal proteins such as rhodopsin or bR,



Fig. 2. Solid-state NMR yields structural information for ligands bound to
integralmembrane proteins. (a) Illustration of nuclear spin energy levels obtained
by solving the Schrödinger equation for an 2H system [25]. Degeneracy of the
single-quantum transitions due to the Zeeman interaction (ĤZ) is removed by the
orientation-dependent quadrupolar coupling (ĤQ). The frequency separation
between the single-quantum quadrupolar frequencies is the (residual) quad-
rupolar couplingΔνQ. (b) As an illustration we show the retinal chromophore of
bacteriorhodopsin in membranes as investigated by solid-state 2H NMR
spectroscopy. Geometry of the tilt experiments is presented for a static uniaxial
distribution of aligned bilayers. For a given methyl group, θB is the angle of the
C–C2H3 bond axis to the local membrane normal n, with static rotational
symmetry given by the azimuthal angle ϕ. Alignment disorder is described by
the angle θ′ of n relative to the average membrane normal n0, and is likewise
uniaxially distributed as characterized by ϕ′. Next, θ is the tilt angle from n0 to
the main magnetic field B0, about which there is cylindrical symmetry. Lastly, θ″
and ϕ″ are the angles for overall transformation from n to B0 (not shown) [20].
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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 complemen-
tary to X-ray diffraction [2,62–64]. In the latter method, every
atom contributes to the intensity of every reflection and the R
factor is minimized globally; by contrast in 2H NMR the mini-
mization is conducted only for the functional group of interest.

For rhodopsin [9,18,65] or bR [6,66,67] organic synthesis
[68–71] has been applied extensively to 13C and 2H labeling of
retinal for solid-state NMR applications. Fig. 1(a)–(c) shows
illustrative 2H NMR spectra of 11-Z-[9-C2H3]-retinal bound to
rhodopsin in random (non-aligned) POPC membrane disper-
sions (so-called powder-type samples) over a temperature range
from −30 °C to −150 °C, 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
[63,64,72,73]. Below Tm the 2H NMR spectra correspond to the
lipid gel state, where rotational and translational diffusion of
both the protein [74,75] and lipids are diminished on the 2H
NMR time scale. The 2H NMR spectra were simulated using the
theoretical expression for a Pake doublet due to a spherical
distribution of electric field gradient (EFG) principal axes [25].
Below the powder pattern, the residuals between fit and data are
plotted. In Fig. 1(d) the spectral probability density p(ξ±) for the
two spin I=1 spectral branches is graphed against the reduced
frequencies ξ±. Additional powder-type

2H NMR spectra of 11-
Z-[5-C2H3]-retinylidene rhodopsin and 11-Z-[13-C2H3]-retiny-
lidene rhodopsin in POPC membranes (1:50) are shown in Fig.
1(e) and (f), respectively.

An immediate conclusion is that the quadrupolar coupling
(EFG tensor) is motionally averaged versus the static EFG
coupling tensor for an aliphatic C–2H bond. The averaging is
due to rapid 3-fold rotation of the methyl groups on the 2H
NMR time scale (b10 μs) at all temperatures studied, down to
−150 °C. For if there was a large off-axial motion of the methyl
groups, then the residual quadrupolar coupling (RQC) would be
significantly less, as seen for liquid-crystalline lipid bilayers
[25,76]. As the observed coupling is near the theoretical value
for methyl 3-fold rotation, we conclude that there is no
additional rotation of the protein on the 2H NMR time scale in
the gel-state lipid bilayer. This conclusion is in agreement with
previous spin-label EPR studies of rhodopsin rotational
diffusion [74,75]. Comparison of the RQC to the theoretical
value for a rotating C–C2H3 group indicates that the order
parameter for the methyl 3-fold axis is SC3

=38/41.75≈0.9 for
each for the three methyl groups [77], with off-axial fluctuations
of ≈15°. (A value of χQ=167 kHz is assumed for the static
quadrupolar coupling constant.) Despite the phenomenal dark-
state stability of retinal it has appreciable mobility within the
rhodopsin binding pocket, with rapidly rotating methyls and
restricted off-axial fluctuations. Yet knowledge of the methyl
orientation within the membrane frame is unavailable from
studies of non-aligned membrane dispersions. The same is true
for dipolar recoupling experiments under MAS, which provide
distances but not angles with respect to the membrane.

2.3. Oriented samples yield principal axes of spin interaction
tensors

The preparation of well-aligned membranes containing
proteins is the counterpart of obtaining 3D crystals in X-ray
crystallography [3,5,64,72,78,79]. Orientation of purple mem-
branes containing bR was achieved by slowly drying the
membrane suspension on glass slides [7,8,17]. Analogously,
rhodopsin was aligned on planar substrates by isopotential spin-
dry centrifugation of the membranes onto glass slides [9,41].
Now for 2H NMR we shall confine our discussion to an axially
symmetric EFG tensor. The quadrupolar frequencies of the two
I=1 spectral branches depend on the orientation of the C–2H
bond (the principal EFG tensor axis) to the main magnetic field
B0. The coupling tensor is molecule fixed, while the nuclear
spin angular momentum (magnetic moment) is quantized in the
laboratory system. The Schrödinger equation for the quad-
rupolar interactions can be formulated in terms of the angles
between the EFG principal axes system (PAS) and the B0 frame.



2983M.F. Brown et al. / Biochimica et Biophysica Acta 1768 (2007) 2979–3000
Solving the Schrödinger equation for the first-order quadrupolar
energies [25] then yields two single-quantum transitions, cf.
Fig. 2(a). However, the orientational distribution of the coupling
tensor with respect to the laboratory system is unknown and is
needed to describe the molecular geometry of anisotropic
biomembrane systems. Generally, the transformation from one
coordinate system to another is accomplished by a standard
similarity transformation in terms of a Cartesian representation,
as in elementary physics texts. But for multiple transformations
of coordinates, such an approach rapidly gets out of hand.
Moreover, the physical significance of the rotations and the
correspondence to spectroscopic observables (like order para-
meters) tend to become lost. A better way is to formulate the
nuclear spin interactions with an irreducible representation, i.e.
using spherical tensor operators. This allows one to transform
step-wise from the molecule to the membrane to the laboratory
frame in a straightforward manner [25]. Essentially one uses the
machinery developed for angular momentum theory in nuclear
physics as a conceptual tool [80,81].

As an illustration, we consider in Fig. 2(b) an aligned
membrane sample where the aim is to investigate the structure
of retinal in the binding pocket of the protein. Retinal is labeled
with 2H at the methyl groups in the case of bR [7]. Our 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 geometry. The step-wise transformation of
coordinates is accomplished using closure as illustrated by
Fig. 2(b). First we transform from the PAS of the residual EFG
tensor of the rotating C–C2H3 groups to the frame of the local
membrane normal, about which there is a static uniaxial dis-
tribution below the lipid Tm; next we transform from the local
frame that is likewise axially distributed about the average
normal to the aligned membrane stack; and last we transform
from the average frame to the laboratory axis system defined by
the external magnetic field. Hence the lineshape analysis
involves two static uniaxial distributions. Only static distribu-
tions are considered, and motional rates appear only through the
intrinsic linebroadening in the simulations.

3. Theoretical NMR lineshape analysis for static uniaxial
distribution

The probability distribution for the bond orientations in
closed form is of potential interest for solid-state NMR
spectroscopy of integral membrane proteins [7,18] and peptides
[47] involving dipolar, quadrupolar, and chemical shift interac-
tions. For the case of aligned biomolecules our 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. But hy-
drated membranes containing proteins or peptides can involve
substantial alignment disorder, i.e., the individual membrane
normals are not all completely aligned. They are distributed
around the glass plate normal, and the lineshape consists of
inhomogeneously broadened lines; this distribution is known as
the mosaic spread of the sample. An assumption must then be
made about the shape of the distribution in order to determine the
bond orientation with respect to the membrane normal from the
2H NMR lineshape. An important aspect is the correct treatment
of the distribution of local membrane normals with respect to the
average alignment axis. Previous treatments have neglected the
3D nature of the mosaic spread of the aligned membranes, which
can lead to different calculated results. In general, we can
consider two limiting regimes. First, in solution NMR the
weakly oriented limit is applicable for molecules due to presence
of bicelles, stretched gels, and so forth. In this case the weak
alignment order is introduced as a perturbation of the isotopic
NMR spectrum [59,60]. Second, in solid-state NMR the strongly
oriented limit is appropriate, as in the case of macroscopically
aligned membranes. Here the disorder (mosaic spread) is now
introduced as a perturbation [16]. The derived lineshape function
yields the correct powder-type limit, and has been tested by
simulating a tilt series of 2H NMR spectra of purple membranes
containing bR with a specifically deuterated C1R-methyl group
of the retinal β-ionone ring [7,16]. For bR or rhodopsin, the
relative orientations of the quadrupolar coupling tensors due to
pairs of the methyl groups then allow us to calculate effective
torsional angles between the different planes of unsaturation of
the retinal chromophore.

3.1. Angular restraints are obtained from 2H NMR
spectroscopy of aligned membrane samples

At this point we recall that the quadrupolar interaction de-
pends on the angle θ̃ between the EFG and the magnetic field
[25]. For a random angular distribution of the coupling tensor
over the surface of a unit sphere, the NMR lineshape cor-
responds to a Pake doublet [25]. Fig. 3(a) shows that the weak
singularities correspond to the largest principal value of the
coupling tensor aligned perpendicular to the external magnetic
field (θ̃=90°); and the shoulders represent the parallel orienta-
tion (θ̃=0°). The reason is that only a single orientation
corresponds to θ̃=0° (pole) whereas for θ̃=90° the values are
azimuthally distributed (equator). The angular dependence of
the quadrupolar frequencies for the two spectral branches is
shown at the bottom of Fig. 3(a). (For the more general situation
of a non-axially symmetric tensor the spectral discontinuities
correspond to each of the three principal axes pointing along the
magnetic field direction.)

Now for the more interesting case of a semi-random distri-
bution, the orientational probability is nonuniform and thereby
manifests the geometry of the sample. (By a semi-random
distribution we mean that the molecules have a preferential
alignment relative to some direction in the sample.) One such
example is a static uniaxial distribution [16,25,82], which
occurs in aligned samples of membrane proteins [16], or drawn
or aligned biopolymers such as DNA fibers [20]. Effectively,
one has a two-dimensional powder-type distribution in the plane
perpendicular to the axis of symmetry; whereas the probability
density is nonuniform elsewhere. This is illustrated at the left of
Fig. 3(b), where the largest tensor principal axis is distributed on
the rim of a cone and the orientation to B0 is designated as θ.
For a perfectly aligned membrane sample, all bonds lie on the
rim of a cone around the orientation axis, whose semi-angle is



Fig. 3. Sample geometry is related to nuclear spin interaction tensors in solid-state NMR spectroscopy. (a) Case of random distribution of coupling tensor principal
symmetry axes. The 2H NMR spectrum for the two spectral branches of an I=1 spin system is graphed as a function of the reduced frequency ξ± for the EFG tensor
principal axes distributed over the surface of a sphere. The probability distribution p(ξ±) scales as 1 / |cosθ̃|, where θ̃ is the angle between the EFG tensor principal
z-axis (assumed axially symmetric) and the static external magnetic field B0. Weak singularities are evident with intensity maxima at θ̃=90° (equator) and intensity
extending to a minimum at θ̃=0° (poles). (b) Case of semi-random distribution of coupling tensor principal symmetry axes, where the positions of the spectral intensity
maxima for an individual spectral branch of the I=1 nucleus are depicted. A static uniaxial distribution is considered in which the coupling tensor z-axes are confined
to the rim of a cone. Due to inversion and reflection symmetry only the distribution for a quartersphere is needed. The probability distribution p(ξ±) scales as 1 / |cosθ̃|
[cos(θ+θB)−cosθ̃]1/2[cosθ̃−cos(θ−θB)]1/2, where θ is the tilt angle of the alignment axis to the main magnetic field B0 and θB is the bond orientation to the alignment
axis. At the right an axially symmetric spectrum is obtained for zero tilt; with increasing tilt angle the spectral features correspond to the sum and difference of θ and
θB. At a sufficiently large tilt angle a further weak singularity becomes evident at θ=90°, as in the case of a random distribution. (c) Example of simulated lineshape for
a uniaxial static distribution of methyl groups undergoing 3-fold axial rotation, e.g. in the case of an aligned membrane protein. The two spectral branches of the I=1
2H nucleus are depicted at the bottom with the resultant spectrum at top.
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between the bond and the membrane normal. If the alignment
axis is parallel to the main external magnetic field B0, then only
a single angle to the magnetic field occurs; and for each
individual spectral branch there is but one transition.

Unfortunately, there is a potential complication in using only
the zero-tilt 2H NMR spectrum to calculate the angle of the
methyl rotor axis to the alignment axis (membrane normal in our
case). The ambiguity lies in the fact that only the absolute value
of the quadrupolar splitting ΔνQ is measured, which is
proportional to |P2(cosθ̃)|, where P2 is the second Legendre
polynomial [25,83,84]. Two solutions are then obtained when
the P2 curve falls between −1/2 and +1/2, i.e. when 35.3≤
θ̃≤90°. But if the alignment axis is tilted away fromB0, then the
maxima in the probability distribution shift to the sum and
difference of the alignment (tilt) angle θ with the cone semi-
angle θB. The distribution of bonds with respect to the magnetic
field is then characteristic of the cone angle, and allows one to
distinguish the positive and negative solutions [7,8,13,16].
Moreover, at sufficiently large tilt angle or cone semi-angle, the
angular distribution will cross the xy-plane and there is an
additional weak singularity at θ̃=90°, as for a random dis-
tribution, cf. Fig. 3(b). Thus, at large tilt angles there will always
be a component at 90° that is independent of the alignment axis
[16,25,82]. Assuming an axially symmetric EFG tensor, we then
observe a maximum of three peaks for each of the two spectral
branches, corresponding to six lines for the NMR spectrum of an
I=1 nucleus such as 2H (or 14N). There are three discontinuities
for each spectral branch, i.e. at θ̃=θ±θB, 90°. A further aspect is
that due to the even parity of the rank-2 coupling tensor, i.e. the
inversion symmetry [80,81], it suffices to only consider the
orientations for a quartersphere. Lastly, Fig. 3(c) shows a
representative simulated 2H NMR lineshape; where as a general
rule the experimental quadrupolar lineshape reflects the
probability density of all bond orientations in the sample.

We have previously worked out the theory of the 2H NMR
lineshapes for such a uniaxial, immobile distribution [16].
Either an analytical solution in mathematical closed form or a
numerical Monte Carlo procedure can be used to simulate the
lineshape. The latter in principle allows for any arbitrary
distribution to be included [7,16]. The frequency separation of
the single-quantum transitions (quadrupolar splitting) is given
by ΔνQ=ΔνQ

powder (3cos2θ̃−1), 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 non-zero
tilt. Here ΔνQ

powder =3/4〈χQ〉 is the splitting of the two lines
for θ=90° in the case of a non-oriented powder-type sample.
The residual quadrupolar coupling constant 〈χQ〉 is averaged by
the methyl group rotation, and depends on the static coupling
constant χQ (=167 kHz), the tetrahedral geometry of the methyl
group, and the order parameter SC3

for the off-axial motion [77].
Its value is ≈40 kHz for a rotating methyl group in the fast
motional limit that applies to our samples [7,67,77]. To obtain
the correct C–C2H3 bond orientation, it is necessary to simulate
a tilt series of angular-dependent 2H NMR spectra for |ΔνQ|≤
|ΔνQ

powder| as noted above [7–9,16,77]. Further description of
the mathematical treatment can be found elsewhere [7,8,16].

3.2. Example of oriented purple membranes containing
bacteriorhodopsin

As a specific example, a tilt series of 2H NMR spectra is
shown in Fig. 4 for the case of bR in oriented purple



Fig. 4. Angular anisotropy of 2H NMR spectra for bacteriorhodopsin in aligned
purple membranes yields retinylidene methyl bond orientations. (a) Experi-
mental 2H NMR tilt series and (b) spectral simulations for C1R–C2H3-labeled
bR in dark-adapted sample of aligned purple membranes at −50 °C. All spectra
(data as well as simulations) have been scaled such that their integral is the same.
Tilt angles are indicated next to the spectra, with a bond orientation of 68.6° used
in the simulation.

Fig. 5. Global fitting of 2H NMR spectra to theoretical lineshape for a static
uniaxial distribution provides methyl bond orientations and mosaic spread.
(a) Dependence of the root mean square deviation (RMSD; arbitrary units)
between the experimental data and the global fit on the C13–C2H3 bond angle
and the alignment disorder. Representative data correspond to bR in the M state
at −50 °C. (b) Cut of the surface in panel (a) at a mosaic spread of 10°. The
deviation between the data and the fit is minimal at a bond angle of 40.3°.

2985M.F. Brown et al. / Biochimica et Biophysica Acta 1768 (2007) 2979–3000
membranes. From the experimental data in Fig. 4, it is evident
that angular-dependent lineshapes are observed throughout the
tilt series that are indicative of a 2D powder with static
alignment disorder. We also note that distinct shoulders at
≈38 kHz are seen at tilt angles greater than 45°, which are not
angular dependent and correspond to θ̃=90°. Referring to Fig. 3(b),
this means that the bond orientation θB must be greater than
the complement of 45°, i.e. θBN45° (see below). A
complication, however, is that we must consider the additional
angle due to alignment disorder of the membrane sample [16].
We have already pointed out that the sign of the RQC is not
known; thus for angles greater than 35.3° there are two possible
solutions, one to either side of the magic angle (54.7°). Further
ambiguities exist in that symmetry-related aspects need to be
considered, which tend to be overlooked. For example the
nuclear spin interactions in solid-state 2H NMR are invariant to
the symmetry operations of inversion, rotation, or reflection as
found in character tables for the D∞h point group. The sidedness
of the membrane cannot be distinguished due to the even parity
of the quadrupolar interaction under inversion, and there is also
reflection symmetry [7]. As a result, multiple solutions are
possible while deriving the molecular structure from bond
orientations. Many of these can be eliminated by considering the
molecular geometry, as well as solid-state 13C NMR rotational
resonance distances [29,85], linear dichroism data [12,13,86],
and CD data where available [87,88]. This aspect is further
discussed below with regard to 2H NMR studies of rhodopsin.

3.3. Global fitting of experimental tilt series of 2H NMR spectra
yields bond orientations and alignment disorder of membranes

For a given C–C2H3 bond, a least squares fit to the complete
tilt series can be performed using the theoretical lineshape for a
static uniaxial distribution with one set of lineshape parameters
[16]. Three of the parameters (sample tilt angle, quadrupolar
coupling constant, and intrinsic line width) are restricted to a
very narrow range about well-established values; only the
mosaic spread and bond orientation can vary appreciably. The
root mean square deviation (RMSD) is calculated as a function
of the bond angle θB and mosaic spread σ, and the absolute
minimum of this surface yields the best global fit parameters.
An example of the global fitting is shown in Fig. 5, which
shows the RMSD between the 2H NMR spectra and the fit for
the complete tilt series of bR in the M state (see below). The
surface of the residuals has a clear global minimum for a bond
angle value of 40.3° and a mosaic spread of 10°. The value of
the mosaic spread is in good agreement with previous values
determined by neutron diffraction for similarly prepared sam-
ples of oriented purple membranes [89].



Fig. 6. Carbon numbering for the retinylidene chromophore of bacteriorho-
dopsin. The chromophore is illustrated with a specifically deuterated C13-
methyl group. The three isomers are the three structures investigated by solid-
state deuterium NMR. (a) The all-trans conformer bRall-t occurs in the active
form of bacteriorhodopsin (light-adapted state). (b) The 13-cis, 15-syn
conformer occurs in the dark-adapted state in a 2:1 mixture of bR13-c and
bRall-t. (c) In the M state the configuration is 13-cis, 15-anti and the Schiff base
is deprotonated.
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In addition, Fig. 5(b) shows a cut of the surface of Fig. 5(a) at
a constant mosaic spread of 10°, and indicates that the minimum
is steep and very well defined. The simulation is very sensitive
to the bond orientation, which is highly correlated with the
quadrupolar coupling constant. The error of the determined
angle can therefore only be estimated to be about ±2°. Values of
the mosaic spread σ are 7.2° at 20 °C and 8.7° at −50 °C.
Referring back to Fig. 2, we see that mosaic spread is defined
for the angle θ′ and is therefore a property of the sample.
However, the distribution of the local membrane normal in the
laboratory system also depends on the tilt angle θ. While the
membrane normals are distributed in a Gaussian manner in the
frame of the average normal, it is not so in the laboratory frame
[16]. As a result, in the case of a uniaxial distribution it is
incorrect to simply add a Gaussian-weighted series of
subspectra at varying tilt angles.

4. Application of solid-state 2H NMR to light-driven
proton pump bacteriorhodopsin

We then applied these methodologies to bR as a paradigm for
light-driven ion (proton) pumps in archea. The bR molecule
comprises seven transmembrane helices, where the retinal
cofactor is all-trans retinal in the light-adapted state, and
undergoes isomerization to 13-cis in the proton pump mechan-
ism. Solid-state 2H NMR of aligned purple membranes has
tested the hypothesis that specific methyl sites within the retinal
binding pocket are implicated in the proton pump mechanism.
This work has established the retinal structure in both the light-
adapted and the dark-adapted states, as well as the activated M
state in the photocycle of bR. In these states retinal adopts three
different conformations: a 2:1 mixture of 13-cis, 15-syn and all-
trans, 15-anti (dark-adapted ground state); all-trans, 15-anti
(cryotrapped light-adapted state); and 13-cis, 15-anti
(M intermediate) at −50 °C. Fig. 6 shows the isomeric
configuration, carbon numbering, and site of 2H labeling of
all three chromophore states investigated. (Bacteriorhodopsin
with an all-trans, 15-anti retinal chromophore is denoted as
bRall-t, with a 13-cis, 15-syn retinal chromophore as bR13-c, and
the M intermediate with a 13-cis, 15-anti chromophore as M.) In
the wild-type samples, the lifetime of the M state was increased
by applying a guanidine hydrochloride solution at pH 9.5, and
in the D96A mutant by raising the pH. The orientations of four
of the five methyl bonds of the retinylidene chromophore were
examined in the dark-adapted state [7,17]. Light-induced
orientational changes of the C1R-, C5-, and C9-methyl bonds
have also been investigated in the late M state [7,8]. However,
of the methyl bonds of the chromophore of bR, the C13–C2H3

bond is expected to be most sensitive to isomerization about the
adjacent C13_C14 double bond during light–dark adaptation,
and during the photocycle. Therefore, we have focused on this
particular site. We detected substantial differences in the orien-
tation of the C13–C2H3 bond in all three states bRall-t, bR13-c,
and M by 2H solid-state NMR with oriented purple membranes.
Moreover, we detected for the first time structural changes of
this bond orientation between the bRall-t and bR13-c isomers that
occur during light–dark adaptation.
4.1. Solid-state 2H NMR shows changes in retinylidene
chromophore in photocycle intermediates of bacteriorhodopsin

The molecular mechanism of the light-driven proton pump
was investigated through studies of the photocycle intermedi-
ates of bR. What are the changes in the retinal chromophore of
bR that underlie its activity as a light-driven (photosynthetic)
H3O

+ pump? In this regard, application of FTIR [90–93] and
solid-state NMR [7,28,39,56] spectroscopy together with X-ray
crystallography [2,21] gives results that can be combined to
provide mechanistic insight. Studies of bR single crystals have
yielded structures for several of the photointermediates of bR
(dark-adapted, K, L, M1, M2, and M2′ states) [2]. Yet despite this
impressive progress the molecular mechanism by which H3O

+

ion transport occurs remains obscure [2,92–94]. The retinal
chromophore and its binding pocket clearly define a domain of
great functional significance, and solid-state NMR can go
beyond X-ray diffraction to locally refine the structure of retinal
bound to bR. Accurate distance (13C-to-13C, 13C-to-15N) and
angular (C–C2H3) constraints provide high-resolution local
structural information about the chromophore and amino acids
in its immediate environment [7,8,95,96]. Thus our objective
was to contribute to understanding the mechanism of the proton
pump in atomic detail.
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Purple membranes containing wild-type or mutant D96A
bacteriorhodopsin were regenerated with all-trans retinal
deuterated at the C1R-, C5-, C9-, or C13-methyl groups [7,8],
i.e. all-E-[1R-C2H3]-, all-E-[5-C

2H3]-, all-E-[9-C
2H3]-, or all-

E-[13-C2H3]-retinals. The experiments were performed at
−50 °C with planar-supported purple membranes in the absence
or presence of guanidine hydrochloride (GuHCl), pH 9.5 and
85% relative humidity. The NMR structure of retinal within the
bR binding pocket is consistent with a ≈ planar retinal con-
formation over most of the polyene that is in the light-adapted
and dark-adapted states, as well as the M intermediate of the
proton pump. Here we mainly focused on the “business end” of
the chromophore, particularly the C13-methyl group toward the
Schiff base end. While only minor differences were detected
between dark- and light-adapted states, all four methyl angles
increased in the M state. An upwards movement of the C13-
methyl towards W182 (cytoplasmic direction) was induced
upon formation of the 13-cis isomer in the activated M state.
This is the first 2H NMR report of such a structural difference
between the dark- and light-adapted isomers of the chromo-
phore in the ground state of bacteriorhodopsin.

4.1.1. Light-adapted bacteriorhodopsin (13-trans, 15-anti)
For the light-adapted state with an all-trans, 15-anti

chromophore, there is good agreement between the X-ray
diffraction and 2H NMR results for all the methyl bonds except
the C13–C2H3 bond nearest the Schiff base (for a review see
Ref. [13]). In the latter case the average value of the C13-methyl
orientation over four different X-ray structures deposited in the
PDB is 21.6° whereas the previous 2H NMR result is θB=32°
[17]. Since the error in these measurements is approximately ±3°
[13], a discrepancy seems to exist. We therefore conducted
additional 2H NMR measurements in the light-adapted state to
Fig. 7. Angular-dependent 2H NMR spectra for bacteriorhodopsin in light-adapted s
NMR tilt series spectra (left) and their best least squares fit (right) for light-adapted ba
at −50 °C. The best global fit of the tilt series was obtained with a bond orientation o
panel. (b) Comparison of the 2H NMR tilt series spectra for the light-adapted state w
X-ray diffraction and a mosaic spread of 10° (right panel). The deviations between da
this value for the bond orientation.
shed light on the possible source of this discrepancy. Here bR
was trapped in the light-adapted ground state with the results of
the tilt series presented in Fig. 7. The data of Fig. 7 were analyzed
as described above [7] and a single species (all-trans, 15-anti)
was assumed. The residuals showed a global minimum with a
bond angle of θB=34.2° and a mosaic spread of 10°. This value
for the bond angle is in excellent agreement with the previous
value of 32° obtained by 2H NMR with a similarly prepared
sample in the absence of GuHCl [17]. However, the values
obtained in X-ray diffraction experiments with light-adapted
crystals are consistently smaller. Fig. 7 shows that it is not
possible to simulate the NMR spectra with a bond orientation of
21.6° corresponding to the results of X-ray crystallography. In
the crystallographic work, the known high-resolution structures
of all-trans retinal model compounds were used as an input
model in the refinement. This may possibly lead to a bias
towards this structure. Interestingly, our value for the bR13-c

isomer of 24.7° obtained from the dark-adapted spectra is in
reasonable agreement with the X-ray value of 21.5° for the bRall-t

isomer in light-adapted crystals.

4.1.2. Dark-adapted bacteriorhodopsin (13-cis, 15-syn and
all-trans, 15-anti)

The dark-adapted state of bacteriorhodopsin consists of an
equilibrium between two isomeric states of the chromophore:
the 13-cis, 15-syn isomer and the all-trans, 15-anti isomer
(Fig. 6). The fractional populations of the two isomers are 2:1 at
room temperature [97]. The 13-cis, 15-syn form does not pump
protons and has a very different photocycle which lacks an M
intermediate. Structural differences between these two forms of
bR are thus to be expected. Recently, a small difference of 0.3 Å
was detected in the distance between the C14 carbon of the
chromophore and the indole nitrogen of W86 for the two
tate show differences versus X-ray crystal structure. (a) Comparison of the 2H
cteriorhodopsin deuterium labeled in the C13-methyl group of the chromophore
f 34.2° for the C13–C2H3 bond. The least squares residuals are shown in the left
ith a simulation using as parameters a bond orientation of 21.6° obtained from
ta and simulation on the left clearly indicate that the results cannot be fitted with
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isomers of the dark-adapted state using solid-state NMR
spectroscopy [95]. Concerning the dark state, representative
2H NMR spectra are presented in Fig. 4 for the C1R-methyl
groups. Similar tilt series have been acquired for the C5- and
C9-methyl groups of bR in the dark state [8]. The 2H NMR
spectra of samples with a deuterated C13–C2H3 group may be
the most sensitive to structural changes due to isomerization
around the adjacent C13_C14 bond in light–dark adaptation.
With deuterated methyl groups further away from the
C13_C14 bond, only small orientational changes were
detected in light–dark adaptation by solid-state 2H NMR [8].

Here bR was trapped in the dark-adapted ground state at
−50 °C with the results of the tilt series presented in Fig. 8(a).
Since the bond orientation in the all-trans, 15-anti configura-
tion is known from our analysis of the light-adapted state
(above), the dark-adapted data were analyzed as follows. The
observed NMR spectra are a superposition of the 13-cis, 15-syn
and all-trans, 15-anti basis spectra with 2:1 weights. With the
spectrum of the all-trans, 15-anti component fixed, two-
component fits were performed as before to find the best bond
orientation for the 13-cis, 15-syn species. The results in Fig. 8(a)
show that the best fit was obtained for a bond angle of 24.7°
for the 13-cis, 15-syn configuration. Moreover, comparison of
Figs. 7 and 8(a) indicates that there are major differences
between the NMR spectra in the light- and dark-adapted states
corresponding to a change in the C13-methyl bond angle from
34.2° to 24.7°. To establish the reproducibility of the dark-
adapted spectra the data were collected in the sequence dark-
adapted, light-adapted, and dark-adapted. Repeating the experi-
Fig. 8. Solid-state 2H NMR spectroscopy of aligned purple membranes yields stru
(a) Comparison of the dark-adapted 2H NMR tilt series (data) and their best leas
chromophore at −50 °C. The best global fit of the tilt series was obtained with a bond
details of the data analysis see text. The least squares residuals are shown in the left pa
bR molecule as derived from 2H NMR orientational constraints. Structure correspond
is consistent with linear dichroism results; whereas that in (b) differs significantly [7].
with permission from Ref. [7].
ments in the dark-adapted state reproduced the results of the
initial experiments.

A further point of interest is that for bR the retinal chro-
mophore is nearly planar; hence the conformation and orien-
tation are described by a model with tilt and roll angles for a
single plane of unsaturation [7]. The plane is defined by two
angular restraints and has even parity, giving four possible
orientations. Introducing restraints from additional biophysical
methods enables the roll and tilt angles to be determined [7].
The results are summarized in Table 1. As a specific example,
Fig. 8(b) shows two possible orientations of all-trans retinal
within the binding pocket of the dark-adapted state of the bR
molecule that are consistent with the 2HNMR data [7]. However
only the top structure agrees with linear dichroism results [13].
The calculated roll angle is 24° which means that the average
retinal plane is almost perpendicular to the membrane plane.
This value is in good agreement with the conclusions from linear
dichroism of the hydrogen-out-of-plane (HOOP) modes in FTIR
spectroscopy, and is generally consistent with the notion that the
plane of the chromophore is nearly although not quite
perpendicular to the membrane plane [13].

4.1.3. The M intermediate (13-cis, 15-anti)
The orientations of the C5-, C9-, and C13-methyl bonds of

the retinylidene chromophore of bacteriorhodopsin have also
been investigated in the M photointermediate using solid-state
2H NMR. The M intermediate has a 13-cis, 15-anti
conformation and a deprotonated Schiff base (Fig. 6). Direct
structural evidence for a reorientation of the C9–C2H3 bond
cture for retinylidene chromophore of bacteriorhodopsin in dark-adapted state.
t squares fit (right) for bR deuterium labeled in the C13-methyl group of the
angle of 24.7° for the C13–C2H3 bond of the 13-cis, 15-syn isomer. For further
nel. (b) Three-dimensional rendering of two possible orientations of retinal in the
s to all-trans, 15-anti isomer of the dark-adapted state. Only the orientation in (a)
Orientation (a) is also consistent with the X-ray crystal structure [143]. Adapted
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in the M intermediate has been obtained from 2H NMR
measurements with wild-type bR [8]. These experiments
showed that the angle between this bond and the membrane
normal increased by 7.5° in M, consistent with a movement
of the polyene chain in the direction of the indole ring of
W182. Here we report a substantial reorientation of the C13-
methyl group near the Schiff base end of retinal in light–dark
adaptation, as well as formation of the M state. The steric
interaction between the C13-methyl group and the side chain
of W182 in helix F may thus be an essential element in the
coupling between the chromophore and the protein leading to
the tilt of helix F.

Large differences in the 2H NMR spectra were observed for
theM state versus the dark- and light-adapted forms. In Fig. 9 we
display the difference 2H NMR spectra of bR deuterium labeled
in the C13-methyl group between the M, light-adapted, and
dark-adapted states at a membrane tilt angle of 15°. The top
shows a comparison of M and dark-adapted spectra; the middle
comparesM and light-adapted spectra; and the bottom compares
the light-adapted and dark-adapted spectra. For light- and dark-
adapted states the lineshapes are clearly different from those for
the M intermediate, in particular at tilt angles of 0° (not shown)
and 15°. For a tilt angle of 15° the difference 2HNMR spectra for
bacteriorhodopsin clearly indicate that the C13-methyl angle
increases in the sequence darkb lightbMstate. In theM state the
C13-methyl bond angle with respect to the membrane normal
was found to increase by ≈7°, as confirmed subsequently in the
Table 1
Summary of structural analysis of retinal conformation in bacteriorhodopsin and rho

Bacteriorhodopsin (−50°C)

Dark-adapted Light-adapted

Methyl bond orientation (θB)/deg
a

C1R 69±2 b 70±3 c

C5 37±2 d 36±3 c

C9 40±3 d 40±3 c

C13 25±3 g 34±3 g

(Roll, Tilt) angles/deg h

C1 to C7 (A plane) – (24, 74)
C6 to C12 (B plane) – (24, 74)
C12 to C15 (C plane) – (24, 74)

Torsion angle/deg i

C5_C6–C7_C8 180 180
C10–C11_C12–C13 0 0

C11_C12–C13_C14 0 0

a Bond orientations represent angle between the retinylidene C–CH3 axis and loca
θB cannot be distinguished from its supplement 180°−θB.
b Ref. [7].
c Ref. [8].
d Ref. [6].
e Ref. [77].
f Ref. [11].
g This work.
h Roll and tilt angles are calculated for the plane containing the C5-to-N axis for bR

(C plane) for rhodopsin [9].
i For bR retinal is assumed to be planar all-trans [7]. For rhodopsin constraints

dichroism data where available [77]. The simple three-plane model considers only C
includes torsional twisting about the C11_C12 double bond.
X-ray crystal structure [98]. As a result we conclude that we have
structural changes towards the Schiff base end of the
chromophore. The substantial differences in the 2H NMR
spectra are due to a reorientation of the C13-methyl bond at the
“business end” of the retinal, adjacent to the site of trans–cis
isomerization.

Next, let us consider the tilt series of 2H NMR spectra
acquired for bR deuterated at the C13-methyl group of the
bound retinal ligand in the M state. Representative 2H NMR
spectra are shown in Fig. 10(a) for bR trapped in M in the
presence of GuHCl at −50 °C. Compared to our previous 2H
NMR spectra for the other methyl groups of M trapped in
GuHCl-treated films at high pH [8], the present spectra are of
higher quality. They show moreover a stronger dependence on
the tilt angle reflecting the smaller mosaic spread (σ≈10°
versus ≈13.5°). This is due to a number of significant improve-
ments in sample preparation. For the quadrupolar coupling
constant and the line broadening, the same values were used for
the M state as for the light-adapted and dark-adapted states. It is
apparent from Fig. 10(a) that the spectra (unsymmetrized) are
strongly dependent on the tilt angle, as expected for an oriented
sample. The results of the data analysis are summarized in
Table 1. It was assumed that only one population was present
(13-cis, 15-anti). This assumption is further justified by the fact
that at the conclusion of the 2H NMR experiments visual in-
spection showed that the sample was still completely bleached.
The quality of the fit can be judged best by the residuals
dopsin

Rhodopsin

M state Dark-adapted (−150 °C) Meta I (−100 °C)

73±3 c – –
39±3 c 70±3 e 72±4 f

47±3 c 52±3 e 53±3 f

40±3 g 68±2 e 59±3 f

(24, 79) (−180, 15) (−126, 31)
(24, 79) (46, 62) (50, 71)
(24, 79) (−115, 119) (simple) (56, 68)

(−112, 99) (extended)

180 −65 e ∓32 f

0 0 (simple) e 0
−25 (extended)

0 147 (simple) e ±173 f

176 (extended)

l normal to membrane surface. Due to even parity of the quadrupolar interaction

[7], or the C2-to-C6 axis (A plane), C6-to-C12 axis (B plane), or C12-to-N axis

include solid-state 13C NMR dipolar couplings, linear dichroism, and circular
6–C7 and C12–C13 dihedral angles; while the extended three-plane model also



Fig. 10. Solid-state 2H NMR spectroscopy reveals conformational changes of
retinal chromophore during the bacteriorhodopsin photocycle. (a) Experimental
2H NMR tilt series (left) and the corresponding least squares fit (right) for bR
2H-labeled in the C13-methyl group of retinal and trapped in theM intermediate
at −50 °C. The tilt angles are indicated between the spectra and their best fits.
All the spectra (data as well as simulations) have been scaled such that their
integrals are the same. The residuals between data and fit are also plotted in the
left panel. The best global fit of the complete tilt series (shown on the right) was
obtained with a bond angle of 40.3° for the C13–C2H3 bond. (b) Retinal
orientation in the M state (13-cis, shaded atoms) and the light-adapted state (all-
trans, white atoms) of bR obtained from 2H NMR constraints for the C1R-
methyl and C5-methyl bonds. The C5-to-N vector characterizes the molecular
long axis and is close to the electronic transition dipole moment in the all-trans
conformer. Its inclination with respect to the membrane normal is designated by
the angle αP and has a value of 74° in the ground state and 79° in the M
intermediate; this change is largely due to the all-trans to 13-cis isomerization.
The C5 atom is assumed to have the same coordinates in both states. Adapted
with permission from Ref. [8].

Fig. 9. Difference 2H NMR spectra for bacteriorhodopsin deuterium labeled in
the C13–C2H3 bond indicate conformational variation of retinal cofactor
between the M, light-adapted, and dark-adapted states. (Top) Comparison of M
and dark-adapted spectra; (middle) comparison of M and light-adapted spectra;
and (bottom) comparison of light-adapted and dark-adapted spectra. In each case
the first spectrum has the bold black color and the second spectrum the gray
color; where the tilt angle is 15°. The differences between the normalized spectra
are plotted below each pair of spectra.
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between data and fit which is the quantity minimized in the least
squares fit, cf. Fig. 10(a).

It is currently believed that during the lifetime of M, the
accessibility and pK of the Schiff base change from a state in
which a proton has just been released to the extracellular side of
the membrane to a state with higher pK, in which the Schiff base
is ready to pick up a proton from D96 on the cytoplasmic side of
the membrane. This so-called reprotonation switch would re-
quire at least two sequential M intermediates. There is con-
sensus that under our conditions an M substrate accumulates
that is very similar to the late M state that was first characterized
in the mutant D96N [99]. Strong evidence for the occurrence of
two sequential M states was recently obtained from solid-state
NMR with wild-type samples in 0.3 M GuHCl at pH 10.0 [100].
Illumination at −60 or −10 °C led to M states with Schiff base
15N chemical shifts that differed by 7 ppm. The initial M state
produced by illumination at the lower temperature decayed
upon warming to the late M state. This transition was ac-
companied by a substantial protein conformational change and
an increase in the pK of the Schiff base [100]. Apparently, the
Schiff base becomes more disposed to reprotonation in the
initial M to late M transition. Since we produced M by
illumination of our GuHCl-treated samples at +5°C, we have
presumably also prepared this late M “post switch” state, in
which helix F is tilted. A direct comparison of the retinal
orientation in the M state to the light-adapted state is provided in
Fig. 10(b).
4.2. Solid-state NMR results are used for structural refinement
of photocycle intermediates of bacteriorhodopsin

To recapitulate at this point, by considering the retinal
chromophore to be almost planar in the dark- and light-adapted
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states its orientation can be defined by the roll and tilt angles
versus the membrane [7]. In this way we were able to establish
its conformation and orientation within the bR binding cavity.
For the dark- and light-adapted states, the data indicate that
the methyl groups on the polyene chain point toward the
cytoplasmic side of the membrane; whereas the N–H bond of
the Schiff base points to the extracellular side, i.e., toward the
side of proton release in the pump pathway. The tilt angle for the
C5-to-N axis was found to increase by ≈5° in the M state;
whereas the roll angle remained about the same (Table 1). We
thus confirmed that the Schiff base end of the chromophore
switches its orientation relative to the membrane surface upon
isomerization from all-trans to 13-cis in the transition to the M
state.

Several high-resolution X-ray diffraction models of the
structure of bR have appeared for the light-adapted ground state
[62,101], the dark-adapted state [102], for the low temperature
K intermediate [103], for the L intermediate [104], for the early
M intermediate [105], and for the late M intermediate [98,106,
107]. In particular, crystal structures have been determined for
the light-adapted state with an all-trans, 15-anti chromophore,
as well as the dark-adapted state with a 13-cis, 15-syn isomer of
retinal, i.e. the bR13-c conformer. For the light-adapted state, the
results for the C13–C2H3 bond orientation fall in a rather
narrow range from 19.0° to 23.2° with an average of 21.5°. For
the C9–C2H3 bond the values vary more, between 33.8° and
41.3° with an average of 36.9°. The C5–C2H3 bond is in the
range from 33.4° to 39.8° with an average of 35.8°. These
values underscore that the polyene chain is curved yielding the
smallest angle for the C13–C2H3 bond. This in-plane curvature
is also a feature of retinal model compounds with a protonated
Schiff base [108], i.e. in the absence of interactions with a
binding pocket. The agreement between the 2H NMR and X-ray
results for the light-adapted state is excellent for the C5–C2H3

and C9–C2H3 bonds, taking into account the errors of 2–3° for
each method. It should be mentioned that for the C5–C2H3 and
C9–C2H3 bonds no significant differences were obtained be-
tween the light- and dark-adapted 2H NMR spectra [8]. Yet for
the C13–C2H3 bond of the light-adapted state, there appears to
be a real discrepancy. Our 2H NMR value of 34.2° cannot be
reconciled with the average X-ray value of 21.5° obtained with
light-adapted bR crystals. Possible reasons for this difference
have been discussed above.

Now in the M intermediate the averaged values from X-ray
crystallography for the C5- and C13-methyl bond orientations
are 38.2° and 43.7°, in excellent agreement with the cor-
responding 2H NMR results (Table 1). For the C13–C2H3 bond
angle there is no significant difference between the X-ray
diffraction results for early M (mutant E204Q) and late M
(mutant D96N and wild-type). The four X-ray measurements
average to 38.0°, which is in excellent agreement with our 2H
NMR result of 40.3° for the C13-methyl group (Fig. 10). Hence
the increased bond angle for the C13-methyl group in M that
we detected here by 2H NMR is in complete agreement with
the X-ray diffraction results. Our previous observation of a
similar angular increase for the C9–C2H3 bond also fits very
well with the late M structure [98]. The X-ray and 2H NMR
experiments for the C13-methyl group both indicate a
significant increase in the angle between the light-adapted
state and M, but the change is considerably larger for the
diffraction method (16–18° versus 6°). As discussed above, the
different values for the light-adapted angles are responsible for
this difference.

One of the most interesting questions is at what point in the
photocycle these angular changes occur. Several lines of
evidence using spectroscopic methods have shown that the
methyl groups of the chromophore occupy specific sites in the
binding pocket that are important in the photocycle [90,109].
The results from X-ray diffraction experiments with bR trapped
in the low temperature K intermediate [103] and in the L
intermediate [104] indicate that already in the earlier K (13-cis,
15-anti) and L (13-cis, 15-anti) intermediates the orientation of
the C13–C2H3 bond is 39.6° and 37.6° respectively, i.e. close
to the 2H NMR value of 40.3° in the M state. Hence the
deprotonation in the L to M transition does not seem to affect
much the chromophore structure as judged by the methyl bond
orientations. Early neutron diffraction and linear dichroism
work had already indicated that the C5-to-C13 part of the
polyene chain tilts up (towards the cytoplasmic side) in M due
to the kink in the chain introduced by the C13_C14
isomerization [13]. X-ray diffraction experiments on the late
M intermediate of the mutant D96N clearly reveal a movement
of the C13-methyl group by 1.3 Å towards the cytoplasmic side
of the membrane [98]. The indole ring of W182 is displaced
by 1.5 Å in the same direction, as if being pushed up by the
movement of the C13-methyl group [98]. The W182 residue is
in helix F, which undergoes a major structural change in M
[110].

4.3. Conformational changes are localized to the Schiff base
end of retinal chromophore in bR photocycle

All of these observations taken together lead to a consistent
molecular picture for the proton pump. In the case of bR the
retinal chromophore is nearly planar in the light- and dark-
adapted states, as well upon isomerization to 13-cis in the M
state. The isomerization from all-trans, 15-anti to 13-cis, 15-
anti gives a local change at the site of the Schiff base which
switches the N–H orientation from one side of the membrane to
the other. This light-induced molecular motion actively trans-
ports H3O

+ ions against the electrochemical potential gradient,
leading to energy conservation involving Schiff base deproto-
nation in the M state. In the dark-adapted state with a 2/3
population in the bR13-c configuration, differences with the
bRall-t conformer are expected since protons are only pumped in
the latter form. Further evidence for subtle structural differences
between these two isomers in the dark-adapted state comes from
high-resolution solid-state NMR experiments [95,96]. More-
over, the change in the C13–C2H3 angle of 9° between bR13-c

and bRall-t is larger than the change of 6° in the transition from
light-adapted to M. The curved polyene chain in the light-
adapted state changes its conformation in M, thereby pushing
on the indole side chain of W182 of helix F. This coupling
between chromophore and binding pocket may well be the



Fig. 11. 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 Ref. [77].
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essential step in triggering the protein conformational change in
late M that involves helix F.

To summarize, we have established that the changes upon
forming the 13-cis isomer in the M state mainly involve the
“business end” of the chromophore nearest to the Schiff base.
The C13-methyl of the chromophore changes its orientation to
the membrane upon photon absorption, moving towards W182,
thus driving the proton pump in energy conservation. While
only minor differences were detected between dark- and light-
adapted states, the C5–, C9–, and C13–C2H3 angles all in-
creased in the M state. The C9–C2H3 bond showed the largest
orientational change of 7° in M. Changes of the C13-methyl
group orientation illuminate differences among the light-
adapted, dark-adapted, and M states. The various states are
distinct and the conformation at the “business end” of the
chromophore as manifested by the C13-methyl orientation is
different in each case.

5. Application of solid-state 2H NMR to G protein-coupled
receptor rhodopsin

The visual pigment rhodopsin is an example of a G protein-
coupled receptor, where the ligand is 11-cis retinal. The acti-
vation of rhodopsin in the visual process and the X-ray crystal
structure [63,64,72,73,111] have been reviewed [112–118].
Rhodopsin has seven transmembrane helices with a ligand-
binding pocket in its center, and an additional surface helix to
which post-translational 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 pre-
activated 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 protonated
Schiff base and its associated counterion; the polyene chain with
its C9-methyl group; and last 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 [69]. 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 provided 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 both
bacteriorhodopsin and rhodopsin.

5.1. Solid-state 2H NMR of rhodopsin in oriented membranes
gives angular restraints for structural analysis

How can the residual quadrupolar couplings (RQCs) in 2H
NMRyield insight into the retinal structure bound to rhodopsin?
Rhodopsin poses a challenging application of the 2H NMR
technology due to the larger molar mass than bR, with appre-
ciable extracellular domains that can affect membrane align-
ment. The bleached apoprotein was regenerated with 11-Z-[5-
C2H3]-, 11-Z-[9-C

2H3]-, and 11-Z-[13-C2H3]-retinals, i.e. 11-
cis retinal deuterated at the C5-, C9-, or C13-methyl groups by
organic total synthesis [119]. It was then recombined with
POPC followed by alignment of the membrane bilayers on
planar glass substrates by isopotential ultracentrifugation
[9,120]. From a tilt series of the oriented sample in the magnetic
field and an analysis of the 2H NMR lineshapes, the angles
between the individual C–C2H3 bonds and the membrane
normal could be determined, even in the presence of a sub-
stantial degree of orientational disorder. We measured a tilt
series of 2H NMR spectra 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 (EM) studies [121] and spin-label EPR
spectroscopy [74,75]. Our 2H NMR studies show that the
retinylidene methyl groups are all rotating at temperatures down
to at least −150 °C [9,67], thus providing an efficient relaxation
mechanism; long recycle delays are unnecessary. Fig. 11 shows
the complete tilt series of angular-dependent 2H NMR spectra
acquired for rhodopsin in the dark state containing retinal



Fig. 12. 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 Ref. [77].
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deuterated at the C5-, C9-, or C13-methyl groups in the POPC
membranes at T=−150 °C. Characteristic lineshape changes
are observed as a function of the tilt angle, which 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 simply from the
angular dependence of the 2H NMR spectra. From the ap-
pearance of the θ=90° spectral shoulders we can say that the
bond orientation θB must be greater than ≈30–45° in each case
[16,17], cf. Fig. 3(b). However due to the alignment disorder
one must simulate the lineshapes to obtain more accurate
information. Theoretical simulations in Fig. 11 assume a static
uniaxial distribution [16] of the rhodopsin molecules with
rotating methyl groups, and are superimposed on the experi-
mental 2H NMR data. Similar results were obtained at
temperatures of T=−60° and −30 °C [119]. Simultaneous
fitting of the 2H NMR lineshapes gives the orientations of the
various methyl C–C2H3 axes relative to the bilayer normal
(Table 1), together with the mosaic spread of aligned samples.
In accord with results for powder-type samples (Fig. 1), we
obtained off-axial order parameters for the rotating methyl
groups of SC3

≈0.9. Excellent agreement between the experi-
mental and simulated lineshapes is found in all cases, as
demonstrated by the flat residuals (not shown).

The results of global fitting of 2H NMR lineshapes are
shown in Fig. 12 (left) for the C5-, C9-, or C13-methyl groups
of retinal bound to rhodopsin in POPC membranes in the dark
state. The RMSD of the calculated 2H NMR spectra from the
experimental data for the entire tilt series is graphed as a
function of θB and σ, and differs significantly for the various
2H-labeled sites. In Fig. 12 (right) we display 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 appreciable mosaic spread (σ=18–21°). Values for
the mosaic spread obtained from the 2H NMR lineshape
simulations are larger than for aligned purple membranes
containing bR [7]. This may be due to the fact that rhodopsin
(Mr=40 kDa) is a larger molecule than bR (Mr =26 kDa), with
substantial extramembranous domains [122]. 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 (Table 1) [9]. These
results are in excellent agreement with the 2.2 Å X-ray
structure of rhodopsin [63].

5.2. Analysis of 2H NMR data reveals structural changes upon
bleaching of rhodopsin

For rhodopsin, the 2H NMR lineshape analysis had as its aim
to determine the conformation of the retinal ligand and to
investigate distortion of the chromophore linked to its
photochemistry. What is the 3D structure and dynamics of the
retinal chromophore in rhodopsin as viewed by 2H NMR? For
analysis of the retinal conformation, we applied a simple model
with three planes of unsaturation [9,123] (Fig. 13), encompass-
ing the β-ionone ring and the polyene chain to either side of the
C12–C13 bond [9,69,88,123]. The relative orientations of the
C5-, C9-, and C13-methyl groups specify the C6–C7 and C12–
C13 dihedral angles, as shown in Fig. 13. Each plane
(designated A, B, or C) is defined by two vectors, and requires
two angular constraints (degrees of freedom) to define its spatial
orientation (yielding a total of four angular constraints for three
planes with shared bonds). Thus one must introduce restraints
from linear dichroism studies [86]; yet unique roll and tilt angles
are unobtainable. Rather, four (4) solutions are found for each
plane due to the even parity, giving 4×4=16 combinations for
each torsion angle connecting adjacent planes. It follows that
the results of additional biophysical methods are needed to
obtain the unique solutions.

5.2.1. Torsional twisting of retinal chromophore in
dark-adapted state (11-cis)

For structural analysis, it is most accurate to combine angular
and distance restraints, as in solution NMR spectroscopy [61],
using 13C-to-13C distances from rotational resonance 13C NMR
studies [85]. Circular dichroism (CD) data are also available for
the dark state of rhodopsin, which yield information on the
enantiomeric selectivity of the protein binding pocket [87,88].
The most plausible physical solution is shown in Fig. 13 and
yields a positively twisted, 12-s-trans conformation, where the



Fig. 14. Solid-state NMR provides the structure of retinal ligand of the canonical
GPCR rhodopsin. Vertical direction corresponds to membrane normal; the
extracellular side is up and cytoplasmic side is down. The 2H NMR structure of
11-cis retinal in the dark state (green) is compared to retinal structure in the pre-
activated metarhodopsin I state (red). Figure prepared with PyMOL [http://
pymol.sourceforge.net/].

Fig. 13. 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 pre-twisting about C11_C12 double bond.
Reproduced with permission from Ref. [77].
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C13- and C9-methyl groups point oppositely from the mem-
brane plane, and the retinylidene β-ionone ring is negatively
twisted 6-s-cis. In Fig. 13(a) a simple three-plane model is
assumed which gives dihedral angles of χ9,13=+147±4 and
χ5,9=−65±6° (Table 1). The calculated roll and tilt angles for
the planes of unsaturation are also included in Table 1. Analysis
of the conformation of retinal in rhodopsin from the 2H NMR
data indicates that the chromophore is highly non-planar, in
contrast to bR. Compared to bR the roll angle of the central part
of the polyene from C6 to C12 is increased, with the torsional
twisting affecting both the β-ionone ring and the retinal Schiff
base (Table 1). By contrast, for bR the all-trans retinal is nearly
planar and the β-ionone ring is 6-s-trans [7]. 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) [63]. Yet due to
steric clashes a simple model is not readily accommodated
within the rhodopsin binding cavity. As indicated in Fig. 13(b),
an extended three-plane model can then be introduced to allow
for pre-twisting of the C11_C12 cis-double bond in the direc-
tion of the isomerization [77]. The positive helical twist about
the C12–C13 bond is in agreement with CD and bioorganic
studies of locked retinoids [88] and with our previous results
[9]. Pre-twisting about the 11-cis-double bond is consistent with
X-ray [63] and quantum-mechanical calculations [124] and can
govern the chromophore movements upon photoexcitation,
thereby affecting the ultra-fast reaction dynamics [77,125].
Next, Fig. 14 shows the structure of retinal obtained by 2H
NMR [77] inserted into the binding pocket of the rhodopsin X-
ray structure [63]. Occupation of specific methyl sites
contributes to the dihedral twisting of the retinal chromophore
in the dark state of rhodopsin. Torsional twisting of the polyene
stems 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, and the C9-methyl positioned between T118 and W268.
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, which is related to the trajectory of the 11-cis to
trans photoisomerization. The retinal conformation is locked
within the binding pocket, which accounts for its phenomenal
dark stability. The distance from the C13-methyl group to the
closest carbon atom of the W265 indole ring is ≈4 Å,
suggesting that interactions of retinal with W265 help stabilize
the dark-state conformation [34]. Moreover, the configuration
of the –C_NH+– bond of the protonated Schiff base is anti
and its hydrogen points oppositely from the C13-methyl group,
i.e. toward the extracellular side in the direction of the
counterion E113.

5.2.2. Conformational relaxation in metarhodopsin I state
(all-trans)

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 [5], and an electron density map for meta I

http://pymol.sourceforge.net/
http://pymol.sourceforge.net/
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from electron crystallography [126]. The next step was to
measure the tilt series of 2H NMR spectra for aligned mem-
branes containing rhodopsin in the all-transmeta I state. The 2H
NMR lineshape analysis for meta I gave the orientation θB of
the various methyl bonds as summarized in Table 1. NMR
structures were calculated for meta I in terms of a three-plane
model as described [11]. Besides the C5-, C9-, and C13-methyl
bond orientations, the electronic transition dipole moment
obtained from linear dichroism was introduced as a further
orientational restraint [127]. Some of the NMR structures were
eliminated based on electron crystallography data indicating
that in the meta I state the β-ionone ring remains in its ground
state position [77,119,126]. The calculated meta I structures
were further restrained by inserting them into the dark-state
rhodopsin structure [63]. It was assumed that the shape of the
retinal binding cavity was nearly the same in meta I as in the
dark state, in agreement with electron crystallography [126].
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 W265. Although the
polyene chain is relaxed in meta I, the β-ionone ring retains its
torsional strain as in the dark state.

One can then address how this conformational distortion is
propagated through the protein allosteric network, leading to
unfolding of the cytoplasmic loops and activation of the
receptor [122]. In Fig. 14 we compare the 2H NMR structure
proposed for all-trans retinal in the meta I state (red), as com-
pared to the NMR structure of 11-cis retinal in the dark-adapted
state of rhodopsin (green). The 11-cis to all-trans isomerization
of retinal is in the negative direction due to the helicity of the
C11_C12 bond in the dark state, together with the steric
hindrance within the binding pocket [125]. Assuming a three-
plane model, the Schiff base hydrogen would switch from
facing the extracellular side in the dark state to the cytoplasmic
side in meta I. This may have implications for a (possibly
complex) counterion switch [128–130], as discussed below.
Steric hindrance between trans retinal and W265 can be
involved with triggering the transition to the active meta II state.
Thus our work provides a basis for investigating the changes in
retinal conformation and orientation giving the signaling meta II
state in visual excitation.

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

An additional aspect entails conceptual integration of the
experimental 2H NMR findings with molecular dynamics (MD)
simulations [122,130–132]. Large-scale MD simulations were
used to simulate the chromophore environment in both the dark
state [132] as well as the pre-activated meta I state [130]. In the
dark state, a total of 23 independent, 100-ns all-atom MD
simulations were analyzed for rhodopsin embedded in a lipid
bilayer in the microcanonical (N,V,E) ensemble. It was 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. By contrast, the β-ionone ring is
mobile within its binding pocket; the cavity is sufficiently large
to enable structural heterogeneity. It was found that the β-
ionone ring occupies two distinct conformations in the dark
state, contrary to previous assumptions. The β-ionone ring can
rotate relative to the polyene chain, thereby populating both
positively and negatively twisted 6-s-cis enantiomers. Moreover
the influences of 11-cis to trans isomerization of the retinal
have been investigated through ultra-long simulations of
rhodopsin with trajectories of 1000–2000 ns [130]. In the
meta I state, analysis of the MD and NMR data gives insights
into the counterion switch mechanism that stabilizes the pro-
tonated Schiff base (PSB). Deprotonation of the retinal PSB 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 E113 and E181
stabilize the retinal PSB in the meta I state prior to forming the
activated meta II state of rhodopsin [130].

6. Comparison of retinal proteins

Rapid light-induced isomerization around a specific double
bond of the chromophore is a common feature in the mechanism
of many photoreceptors (rhodopsin, phytochrome, PYP,
sensory rhodopsin) and light-driven pumps (bacteriorhodopsin,
halorhodopsin). The photoisomerization leads to a change in the
configuration and orientation of the chromophore in its binding
pocket, and is essential for the coupling between the chromo-
phore and the protein. In a series of slower thermal transitions,
the altered chromophore structure drives the protein into the
active state (signaling or transport). The structural switch that
was originally localized in the chromophore leads on a slower
time scale to global structural changes in parts of the protein that
are far away from the binding pocket (e.g. the cytoplasmic loop
domain in the meta II state of rhodopsin or the signal trans-
duction domain in phytochrome).

This raises the following questions. How is the structural
change of the chromophore transmitted to the protein? What is
the mechanism of this chromophore–protein interaction
(coupling)? Active reorientational motions of the chromophore
most likely play an important role in these processes.
Structural evidence for a major transient chromophore
reorientation has been obtained for the photoactive yellow
protein (PYP) in which the chromophore changes its
orientation by approximately 60° in the blue-shifted I2
intermediate [133]. But already much smaller movements are
expected to induce significant effects. In the retinal proteins,
for example, even a small movement of the protonated Schiff
base will lead to major changes in electrostatic interactions
and pK values. In this regard 2H NMR studies of the two
retinal proteins are illuminating both in terms of their
similarities and differences, which are connected with their
rather different biological functions. For rhodopsin and bR the
structural changes triggered by the photoisomerization may
well be mediated by steric interactions between the protruding
methyl groups of the chromophore and amino acid side chains
in the binding pocket [29,62,109,134–137]. The angular
restraints from 2H NMR for retinal within the binding pocket
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can then be used in conjunction with X-ray crystallography,
where available, to investigate the light-induced changes that
lead to biological function, either proton pumping in the case
of bR, or amplified visual excitation in the case of rhodopsin.
Additional 2H NMR investigations of their photointermediates
are clearly desirable.

For bR the retinal cofactor is almost planar from the β-ionone
ring (apart from ring puckering) to the C15 atom of the polyene
[7]. Deviations from planarity (mostly less than 15°) mainly
involve twisting in the vicinity of the C14–C15 bond near the
Schiff base, as indicated by NMR [39], FTIR [93], X-ray
crystallography [105], and hybrid quantum-mechanical/mole-
cular mechanical calculations [138]. At this point it is not clear
to what extent these deviations affect retinal isomerization in
bR. Hypothetically, they could be responsible for differences
in the potential energy surfaces and consequently the efficiency
and selectivity of the isomerization. Yet it is known that the
photoisomerization efficiency exhibited in bR is due to
tolerance of the protein cavity for the atomic rearrangements
in all-trans to 13-cis isomerization [139]. As a result, in the
light-adapted state the retinal orientation is essentially described
by the roll and tilt angles of the nearly planar all-trans chro-
mophore [7]. The chromophore plane has a roll angle of 24° and
the long axis is inclined by 16° to the membrane plane. Retinal
isomerization from all-trans to 13-cis in the dark-adapted or M
state keeps this approximate planarity, with a decrease in the
inclination of the C5-to-N axis from 16° in the light-adapted
state to 11° in the M state; while the C5-to-C13 axis moves out
of the membrane plane by 4–5° [8]. Hence the structural
changes mainly occur at the “business end” of the retinal
molecule near the Schiff base linkage. All-trans to 13-cis
isomerization switches the orientation of the N–H bond from
the extracellular side to the cytoplasmic side and is implicated in
the mechanism of the proton pump. For bR strong indirect
evidence for a steric interaction between the C9- and C13-
methyl groups of the chromophore and the indole ring of
W182 in the photocycle has been obtained from spectroscopic
methods employing mutants and retinal analogs [109,134].

By contrast in rhodopsin the most intriguing aspect compared
to bR is the torsional twisting of the ligand, involving both the β-
ionone ring [9,30] and the polyene chain [77]. The significance
for rhodopsin is that retinal distortion is implicated in its ultra-fast
isomerization and high quantum yield. In the dark-adapted state
the retinal cofactor is 11-cis and the polyene is highly distorted, as
shown by resonance Raman spectroscopy [140], X-ray crystal-
lography [63], 2H NMR [77], and quantum-mechanical calcula-
tions [124,125]. The NMR conformational analysis for rhodopsin
is more challenging than for bR due to the additional degrees of
freedom, as well as the greater difficulty of preparing aligned
specimens. We have assumed an analysis in terms of three planes
of unsaturation, corresponding to three different sites of
interaction of the retinal ligand with the protein binding cavity.
In comparison to bR, the angle the central polyene plane makes to
the membrane plane is less, with substantial twisting affecting the
β-ionone ring and the Schiff base. Moreover, combining the
solid-state 2H NMR data with the X-ray crystal structure for dark-
state rhodopsin suggests that an extended three-plane model may
be appropriate, including the torsional twist about the activated
C11_C12 bond [77]. Hence the C11_C12 double bond is pre-
twisted within the rhodopsin binding pocket in the direction of the
isomerization. The resulting 2H NMR structure explains its dark-
state stability and indicates the direction of the ultra-fast
photoisomerization. Activation of the receptor involves sequen-
tial relief of the torsional strain of the ligand (frustration) and is
coupled to interactions among the protein, and the surrounding
lipid bilayer, which are all involved in the activation mechanism
of rhodopsin [15].

In closing, for both bacteriorhodopsin and rhodopsin
interactions of retinal with the protein binding cavity
determine the isomerization pathway selectivity and effi-
ciency. As a result the same ligand molecule undergoes vastly
different pathways of isomerization in these retinal proteins.
Despite the great deal of experimental data, many aspects of
the cofactor interactions with the protein are still unknown,
and further studies are required to fully illuminate their
functioning. Within this context, solid-state NMR spectro-
scopy can be expected to play a continued prominent role
together with other complementary spectroscopic and compu-
tational approaches.

7. Experimental procedures

Solid-state 2HNMR spectroscopy employed Bruker AMX-300 and AMX-500
spectrometers equipped with locally-built high-power probes that included high-
voltage capacitors and a horizontal solenoidal inductor (1.8–4.2 μs 90° pulses
depending on the radiofrequency coil diameter and frequency) [9,54,55]. A
quadrupolar echo sequence with composite pulses was applied with appropriate
phase-cycling to accumulate the 2HNMR signals. Bacteriorhodopsinwas obtained
fromHalobacterium salinarium strain ET1001 and was regenerated with synthetic
2H-labeled all-trans retinal followed by alignment of the purple membranes [7].
Well-ordered films were obtained by slowly drying a purple membrane suspension
on glass (or quartz or mylar) supports [7]. For the dark-adapted state, the sample
was first brought to room temperature and then cryotrapped at−50 °C. TheM state
was formed by illuminating GuHCl-treated films of wild-type bR at pH 10.5 with
yellow light (550 nm band-pass filter) at 5 °C, which caused the purple films to
bleach to a bright yellow, and it was cryotrapped at −78 °C [8]. Light adaptation
made use of the fact that bR molecules that are photoreversed from the M state by
blue light [142] have an all-trans chromophore [8], which were cryotrapped at
−78 °C. Bovine rhodopsin was prepared with 2H-labeled 11-cis retinal and POPC
recombinant membranes were aligned on planar glass slides by isopotential spin-
dry centrifugation [9,41]. Metarhodopsin I was formed in POPCmembranes at pH
6 at 2 °C by exposure to green light (550 nm high-pass filter) and then cryotrapped
at −78 °C. Extensive studies of the photochemical behavior of rhodopsin in
different membrane environments were conducted to establish conditions for
trapping the photointermediates [14,15,141].
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