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ABSTRACT: The orientation of prosthetic groups in membrane proteins is of considerable importance in
understanding their functional role in energy conversion, signal transduction, and ion transport. In this
work, the orientation of the retinylidene chromophore of bacteriorhodopsin (bR) was investigated using
2H NMR spectroscopy. Bacteriorhodopsin was regenerated with all-trans-retinal stereospecifically
deuterated in one of the geminal methyl groups on C1 of the cyclohexene ring. A highly oriented sample,
which is needed to obtain individual bond orientations from2H NMR, was prepared by forming hydrated
lamellar films of purple membranes on glass slides. A Monte Carlo method was developed to accurately
simulate the2H NMR line shape due to the distribution of bond angles and the orientational disorder of
the membranes. The number of free parameters in the line shape simulation was reduced by independent
measurements of the intrinsic line width (1.6 kHz fromT2e experiments) and the effective quadrupolar
coupling constant (38.8-39.8 kHz from analysis of the line shape of a powder-type sample). The angle
between the C1-(1R)-1-CD3 bond and the purple membrane normal was determined with high accuracy
from the simultaneous analysis of a series of2H NMR spectra recorded at different inclinations of the
uniaxially oriented sample in the magnetic field at 20 and-50 °C. The value of 68.7( 2.0° in dark-
adapted bR was used, together with the previously determined angle of the C5-CD3 bond, to calculate
the possible orientations of the cyclohexene ring in the membrane. The solutions obtained from2H NMR
were then combined with additional constraints from linear dichroism and electron cryomicroscopy to
obtain the allowed orientations of retinal in the noncentrosymmetric membrane structure. The combined
data indicate that the methyl groups on the polyene chain point toward the cytoplasmic side of the membrane
and the N-H bond of the Schiff base to the extracellular side, i.e., toward the side of proton release in
the pump pathway.

The integral membrane protein bacteriorhodopsin (bR)1

found in the purple membrane of the archaebacterium
Halobacterium salinariumbelongs to the important family
of seven transmembrane helix proteins and is a model system
for active proton transport. The retinal chromophore of this
light-driven proton pump and its Schiff base linkage to the
protein clearly play a central role in the molecular mechanism
of proton transport. Not only is the chromophore involved
in the primary step of light absorption and the subsequent
isomerization steps, but its protonated Schiff base linkage

is also the source of the transported proton. Therefore,
knowledge of the chromophore conformation and orientation
within the membrane and its changes during the photocycle
is of great interest, and an important element in understanding
the transport mechanism. The position of the chromophore
both within the plane of the membrane and perpendicular to
it has been determined by neutron diffraction using purple
membranes regenerated with specifically deuterated retinals
(1, 2). The chromophore has also been modeled into the
electron density map obtained from electron cryomicroscopy
(3) using the X-ray structure of a retinal model compound
(4). This map has a resolution of 3.5 and 4.3 Å in the
directions parallel and perpendicular to the plane of the
membrane, respectively. Most recently, this structure has
also been used as a starting point for the refinement of the
electron density map determined from X-ray diffraction of
microcrystals (5). In all of these cases, initial assumptions
about the orientation of the retinal chromophore within the
membrane frame are necessary, and the structure and
orientation of the retinal chromophore are not yet known
with certainty.
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The local structure of integral membrane proteins can be
investigated using diffraction methods with isomorphic labels
(1, 2, 6) or solid-state NMR (7), including magic angle
spinning (8, 9), rotational resonance (10, 11), and rotational
echo double resonance (REDOR) (12-15). With the latter
NMR methods, randomly oriented samples are used and one
obtains internuclear distances, i.e., distance constraints.
However, orientational information from tensorial interac-
tions, e.g., the orientation of the principal axis system with
respect to the membrane frame, is unavailable in these
experiments. An alternative strategy involves solid-state
NMR of oriented systems, which provides orientational
constraints on individual bond angles with respect to the axis
of orientation. The information about bond angles is
complementary to the distance information. For instance,
solid-state wide-line2H NMR spectroscopy of oriented
samples can be used to directly measure the orientation of
2H-labeled bonds relative to the membrane frame with high
accuracy (16, 17). Such an approach has been employed
successfully for gramicidin A to determine a high-resolution
structure from the orientational constraints on single bond
directions (18, 19). For bacteriorhodopsin, encouraging
results have been obtained previously for selected bonds of
the chromophore in the dark-adapted ground state (20, 21)
and in the M intermediate (22). The angles between the
C-CD3 bond and the membrane normal have been reported
for the methyl groups on C5, C9, and C13 (for the numbering
scheme, cf. Figure 1a). It was concluded that the polyene
chain of the retinal is not straight but curved as observed in
crystals of retinal model compounds (4).

With regard to understanding the mechanism and vecto-
riality of proton transport in bR, an important question is
the orientation of the retinal within the membrane-embedded
protein. In the all-trans form, the retinal has a 6-s-trans
conformation (23-27) and the configuration of the CdN
bond of the Schiff base is anti (28). Therefore, the methyl
groups of the polyene chain on the one hand and the Schiff
base N-H bond on the other point to opposite sides of the
long axis of the molecule. The same is true for the 13-cis
form present in the dark-adapted state of bacteriorhodopsin
which has a CdN syn configuration. The cyclohexene ring
is closest to the extracellular surface of bR (29), with the
Schiff base approximately in the middle of the membrane
(2), and the polyene chain making an angle of about 70(
5° with the membrane normal (30, 31). Second-harmonic
interference experiments also show that the vector from the
cyclohexene ring to the Schiff base points toward the
cytoplasmic side of the membrane (32). Because the plane
of the chromophore is approximately perpendicular to the
membrane plane (33), this leaves two possible geometries
for the overall orientation of the chromophore in the
membrane. Either the N-H bond of the Schiff base points
toward the cytoplasmic side of the membrane and the methyl
groups on C5, C9, and C13 point toward the extracellular
surface (Figure 1b), or the opposite is true (Figure 1c).
Several independent experiments using linear dichroism (31),
neutron diffraction (2), and2H NMR (20) suggest that the
Schiff base N-H bond points toward the extracellular side.
Bioorganic experiments with various retinal analogues, on
the other hand, are only consistent with the N-H bond
pointing toward the cytoplasmic side (34, 35). Therefore,
the orientation of the retinylidene chromophore in bR is an

open question at present.
To gain further insight into the chromophore orientation

in bR and to discriminate between the above possibilities,
we have utilized solid-state2H NMR to investigate the bond
angle with respect to the membrane normal for a stereospe-
cifically labeled methyl group on the ring C1. An essential
requirement of our approach is a high degree of orientational
order of the membranes. This was achieved by forming
hydrated films of purple membranes on glass plates. For
the first time,2H NMR data were collected with such samples
at room temperature (20°C) and 86% relative humidity. In
contrast to electron cryomicroscopy (29) and X-ray diffrac-
tion (5) experiments, which are performed at very low
temperatures and with dehydrated samples, our studies were
carried out under nearly physiological conditions. An
accurate solid-state NMR line shape simulation method was
employed which properly accounts for the three-dimensional
disorder (mosaic spread) of immobilized uniaxially oriented
purple membrane films, using a numerical method that allows
a straightforward and exact treatment of the complex

FIGURE 1: (a) Numbering scheme for the retinylidene Schiff base
in bR. Me stands for a methyl group, CH3. In the all-trans form of
retinal, the conformation of the Schiff base CdN bond is 15-anti.
The C6-C7 single bond is 6-s-trans in both the light- and dark-
adapted forms of bacteriorhodopsin. (b and c) The retinal chro-
mophore within the purple membrane. The polyene chain makes
an angle of 20-25° with the membrane surface, and the cyclo-
hexene ring is known to be located closer to the extracellular side.
Therefore, two orientations of the retinal are possible. In panel b,
the Schiff base N-H bond points toward the cytoplasmic side, while
in panel c, it points toward the extracellular side. The orientation
of the methyl groups on the cyclohexene ring with respect to the
membrane is also different in the two configurations.
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geometry of the sample. From the simulation of the
experimental data, we obtain precise information about the
orientation of the specifically deuterated bonds with respect
to the axis of orientation, i.e., the membrane normal. This
knowledge is complementary to the results of other structural
methods such as X-ray crystallography (5), neutron diffrac-
tion (1), and electron cryomicroscopy (3). The combination
of methods which are insensitive to the vectorial orientation
of retinal, such as2H NMR of the methyl groups and linear
dichroism (30, 31), together with methods which do depend
on its vectorial orientation, such as electron cryomicroscopy
(3, 29) and nonlinear optical interference measurements (32),
yields a more detailed conclusion than any of these experi-
ments alone. By combining the angular constraints from the
various techniques, we determined the orientation of the
chromophore in the binding pocket of bR. The approach
developed in this work may also be applied to other integral
membrane proteins containing bound ligands or prosthetic
groups implicated in their biological function provided that
the group in question can be specifically deuterated and that
well-oriented samples can be prepared.

MATERIALS AND METHODS

Stereospecific Deuterium Labeling of Retinal.The syn-
thetic pathway for (1R)-[1-CD3 ]-all-trans-retinal is sum-
marized in Scheme 1. Commercially available methyl (S)-
(+)-1-methyl-2-oxocyclohexanepropionate (1 in Scheme 1,
purchased from Aldrich, Milwaukee, WI) was used as the
starting material. After protection of the ketone group, a
phenyl selenyl group was introduced and subsequently
oxidatively removed to yield the unsaturated ester (2). The
cleavage of the double bond was followed by an esterification
to produce the ester (3). The ester functional group was

converted into a deuterated methyl CD3 group in three steps.
First, the ester was reduced to CD2OH using LiAlD4, yielding
compund4. In a second step, the alcohol was converted to
the chloride, and third, the chlorine was reductively displaced
with deuterium. Deprotection of the ketone group yielded
the deuterated 2,2-dimethylcyclohexanone (5), which in turn
was converted to the cyclohexene ring component (6) by
R-methylation and enol triflation. The resulting cyclohexene
ring (6) was coupled with the vinyl tin reagent (8) in the
presence of a palladium catalyst (36) to produce the
deuterium-labeledâ-ionylidene acetate (9). Reagent8 was
prepared from trans-3-methyl-2-penten-4-yn-1-ol (7, Aldrich)
by hydrostannylation (37) and oxidation (38). The reduction
of the resulting ester9, oxidation, and a Horner-Emmons
reaction gave a mixture of deuterated all-trans- and 13-cis-
ethyl retinoate (10) in a 2:1 ratio, which was used for the
next reaction without further separation. The final reduction
with Dibal and oxidation produced the deuterium-labeled
retinal as a mixture of double bond isomers. The (1R)-[1-
CD3 ]-all-trans-retinal (11) was isolated from the mixture
by preparative TLC. The spectral data were consistent with
the proposed structure.

(1R)-[1-CD3]-all-trans-Retinal (11): 1H NMR (400 MHz,
C6D6) δ 10.18 (d, 1H,J ) 7.8 Hz), 6.98 (dd, 1H,J ) 11.5
and 15.2 Hz), 6.53 (d, 1H,J ) 16.0 Hz), 6.43 (d, 1H,J )
16.0 Hz), 6.18 (d, 1H,J ) 11.5 Hz), 6.18 (d, 1H,J ) 15.2
Hz), 6.12 (d, 1H,J ) 7.8 Hz), 2.12 (m, 2H), 1.93 (s, 6H),
1.87 (s, 3H), 1.74 (m, 2H), 1.63 (m, 2H), 1.28 (s, 3H); MS
(EI) m/z 287 (M+); HRMS (EI) m/z calcd for C20H25D3O
287.2328, found 287.2336.

Sample Preparation.Purple membranes, containing bR
as the only protein component, were isolated fromH.
salinarium strain ET1001 using standard procedures (39).

Scheme 1
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The protein was then bleached by actinic light (>510 nm)
in the presence of hydroxylammonium chloride at pH 7,
leading to the formation of retinaloxime. The absorption
spectrum of this apomembrane suspension had no residual
absorbance at 570 nm, showing that the native chromophore
was completely removed from the protein. The apomem-
branes were then regenerated with the (1R)-[1-CD3 ]-all-
trans-retinal in ethanol. They were titrated spectroscopically
until excess retinal became observable at 380 nm. Reti-
naloxime and excess retinal were removed by washing the
membranes seven times by centrifugation with bovine serum
albumin in MilliQ water. The final product showed no
absorption at 380 nm, and the ratio of absorbance at 280
nm to 570 nm was about 1.5, indicating that no albumin
remained adsorbed to the membranes. The degree of
regeneration as calculated from the absorbance at 570 nm
was 92-100%. In the last washing cycle, deuterium-
depleted water (Cambridge Isotope Laboratories, Andover,
MA; 2-3 ppm 2H) was used to minimize unwanted
contributions from natural abundance HDO in the NMR
spectrum. This material was used to prepare both an oriented
sample and a powder-type sample. For the oriented sample,
a highly concentrated suspension of membranes was applied
to a thin glass slide (0.3 mm thickness) on an area about 20
mm long and 5-8 mm wide. The suspension was dried
slowly (48 h) in the presence of a saturated solution of KCl
in 2H-depleted water at room temperature to provide a
constant relative humidity of about 86%. In this way, highly
oriented uniaxial purple membrane films were formed.
Neutron diffraction experiments have shown that these films
possess a high degree of orientation (low mosaic spread) with
the membrane plane parallel to the glass surface (2). A total
amount of 84 mg of bacteriorhodopsin was applied to 32
plates. Use of spacers at the end of the 30 mm long glass
plates allowed sandwiching of two plates with the films
facing each other without touching. The 16 sandwiches were
fitted into a cutoff Pyrex NMR tube with a 10 mm diameter
and a 30 mm length. Removing the plug on the end of the
tube allowed rehydration of the sample at 86% relative
humidity. The sample tube was sealed for the experiments
and used for up to 3 days without rehydrating it. For the
powder-type sample, the purple membrane suspension was
concentrated by vacuum centrifugation and transferred to a
10 mm × 30 mm NMR tube. The powder-type sample
contained 45 mg of bacteriorhodopsin.

Solid-State Deuterium NMR Spectroscopy.NMR experi-
ments were performed using a wide-bore 300 MHz magnet
(7.05 T) and a Bruker (Billerica, MA) AMX console.
Probeheads with a horizontal solenoidal coil having a 10 mm
diameter and a 20 mm length were home-built. The
deuterium resonance at 46.13 MHz was determined by using
D2O with a line width of 5 Hz. The acquisition parameters
for the quadrupolar echo sequence (90°x-delay-90°y-
delay-acquire) were determined from a perdeuterated plexi-
glass powder sample. Using a 1 kWHenry radio amplifier
(Henry Radio, Los Angeles, CA), the 90° pulse length was
3.2 µs. The pulse delays and reference phase were chosen
such that no distortion or asymmetry of the plexiglass line
shape was detectable in a comparison with the simulated
powder-type line shape, for both the CD3 and CD2 signals.
Thus, a pulse delay of 45µs was sufficient to avoid artifacts
due to probe ringing. The recycle time was chosen to be

200 ms, in accordance with the experimentally determined
values of the spin-lattice relaxation timeT1Z of 74 ( 7 ms
at 20°C and 23( 4 ms at-50 °C (from inversion recovery
experiments with the oriented bR sample, data not shown).
The dwell time of the experiments was set to 0.5µs with
4096 points acquired at 12 bit resolution. A standard eight-
step phase cycle was employed to eliminate artifacts arising
from differences in the two quadrature detection channels
(40). Under these conditions, a powder pattern from natural
abundance deuterium in hexamethylbenzene can be recorded
in 250 000 acquisitions with a signal-to-noise ratio of 30.
The spectral width of the 3.2µs pulses is large enough to
detect a powder pattern from methylene deuterons, whose
quadrupolar coupling constant is about 3 times that of
deuterons in a rapidly rotating methyl group. In general, a
2 kHz exponential multiplication was applied to the qua-
drupolar echo to increase the signal-to-noise ratio. For the
experiments with the oriented films of purple membranes,
the orientation of the sample relative to the magnetic field
is an important parameter (see below). The sample tilt is
the angle between the normal to the glass plates and the
magnetic field. This angle was set manually in steps of 15
( 3° by rotating the sample tube in the horizontal coil. Thus,
spectra at seven different tilt angles from 0 to 90° were
recorded under otherwise identical conditions.

Simulation of Deuterium NMR Line Shapes.The quadru-
polar interaction between the electric field gradient at the
deuterium nucleus and its electric quadrupolar moment is
an orientation-dependent perturbation which shifts the Zee-
man levels of the nucleus. Therefore, the two transitions of
the deuterium nucleus have different energies, and one
observes two lines symmetric about the Larmor frequency,
whose splitting is given in a first-order approximation by
(16, 17)

whereøQ
stat (=170 kHz) is the static quadrupolar coupling

constant for a C-D bond (16), Dm0
(2)(ΩPL) are Wigner

rotation matrix elements of rank 2,ΩPL ) (RPL,âPL,0) are
the Euler angles for the transformation from the principal
axis system of the field gradient to the laboratory system of
the magnetic field, andηQ

stat ) (Vyy - Vxx)/Vzz is the
asymmetry parameter of the electric field gradient tensor.
For a deuterated methyl group, the fast rotation around the
C-C axis preaverages the interaction, andøQ

stat and ηQ
stat

have to be replaced by an effective coupling constantøQ
eff

and an effective asymmetry parameterηQ
eff, respectively.

For the methyl rotor,øQ
eff has a value of approximately

-1/3øQ
stat, and the effective asymmetry parameter is suf-

ficiently small that it can be set to zero without loss of
precision. Therefore, the above expression can be simplified
to

The angleθ is the angle between the C-C bond and the
magnetic field. With only one orientation present in the
sample, the spectrum would consist of just two lines, while

∆νQ )

3
2
øQ

stat{D00
(2)(ΩPL) -

ηQ
stat

x6
[D-20

(2) (ΩPL) + D20
(2)(ΩPL)]} (1)

∆νQ ) ∆νQ
powder(3 cos2 θ - 1) (2)
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the line shape is more complex if more than one orientation
is present. In this case, the line shape reflects the orienta-
tional probability distribution of the bond angles (16, 17).
For an isotropic distribution (powder-type sample), the result
is the well-known Pake pattern. Here, the constant∆νQ

powder

()3/4øQ
eff) can be directly determined as the frequency

separation of the two prominent horns or edges corresponding
to a 90° orientation, for which the factor (3 cos2 θ - 1)
equals-1. However, even for a perfectly oriented sample,
eq 2 still is not unambiguous. First, anglesθ and π - θ
result in the same splitting. Second, since only the absolute
value of∆νQ is measured, eq 2 has two solutions for values
of the observed splitting|∆νQ| < ∆νQ

powder, i.e., for angles
between 35.3 and 90°. Strictly speaking, the constant
∆νQ

powder may be positive or negative, but since only the
frequency splitting is measured, we can define∆νQ

powder as
being positive without loss of generality.

The purple membrane films used here are uniaxially
oriented. The geometry of a single C-CD3 bond with
respect to the membrane normaln and the magnetic field
B0 is depicted in Figure 2. Within one purple membrane,
the bacteriorhodopsin molecules are immobilized and form
trimers in a hexagonal lattice. Therefore, three different
orientations for the specific C-CD3 bond vector occur, all
of which make the same angleγ with respect to the
membrane normal indicated by the vectorn. In the film,

the membranes are stacked in parallel and rotated arbitrarily
aroundn with respect to each other, such that the bond
vectors lie on the rim of a cone with angleγ. To calculate
the quadrupolar splitting from eq 2, we need to know cosθ,
which equalsD00

(1)(0,θ,0), the Wigner matrix element of
rank 1. Each individual bond in the uniaxially oriented
sample is characterized byγ and the azimuthal angleφ which
describes its position on the rim of the cone. The axis of
the cone is inclined by the angleR′′ away from the magnetic
field. This geometry can be described by a two-step rotation
from the bond to the cone axisn, and from the cone axis to
the magnetic field. Using the transformation properties of
the Wigner rotation matrixes, we can thus expressD00

(1)(0,θ,0)
in the following way:

Inserting the matrix elements and simplifying leads to

The situation is complicated by the fact that the membranes
are not perfectly aligned, but the normalsn are themselves
distributed in space. This orientational disorder is called the
mosaic spread. Assuming that the distribution ofn is
cylindrically symmetric around the average membrane
normalnj, we can use an expression analogous to eq 4 for
the angleR′′ between the local membrane normaln and the
magnetic field (see Figure 2):

whereR is the angle between the average membrane normal
axis nj and the magnetic fieldB0, R′ is the angle between
the local membrane normaln andnj, andφ′ is the azimuthal
angle ofn on the cone with axisnj.

In previous work, eq 4 was used to derive an analytical
expression for the probability densityp(ν) for one cone
without mosaic spread (41). In the presence of orientational
disorder, however, a comprehensive analysis of the geometry
requires three transformations instead of two in eq 3.
Moreover, since the quadrupolar splitting is given by the
Wigner rotation matrix elementD00

(2)(ΩPL) of rank 2, the
more detailed description of the sample geometry in analogy
to membrane lipids (42) is given by

In the case of an axially symmetric field gradient,ΩPL )
(0,θ,0) contains only the angleθ between the deuterated bond
and the magnetic field. The first of the three rotations on
the right-hand side of eq 6 with Euler anglesΩPN ) (0,γ,φ)
leads from the principal axis system of the residual electric
field gradient to the local membrane normaln, the next one
with ΩND ) (0,R′,φ′) from the local membrane normal to
the average membrane normalnj, and the third one withΩDL

) (0,R,0) from the average normal to the magnetic fieldB0

in the laboratory system. In this case, the analytical
expression forp(ν) contains elliptic integrals and becomes
computationally cumbersome. If one does not wish to

FIGURE 2: Geometry of a uniaxially oriented sample. For a
deuterated methyl group, the quadrupolar frequency shift depends
on the angleθ between the C-CD3 bond and the magnetic field
B0. To describe the disorder in the sample, two intermediate frames
of reference are introduced. In the local membrane frame, the angle
the C-CD3 bond makes with the local membrane normaln is called
γ. Since the purple membranes are randomly oriented in-plane, the
bond vectors lie on a cone with angleγ and it is assumed that all
azimuthal anglesφ are equally probable. The individual normalsn
are not perfectly aligned, but are assumed to be distributed in a
Gaussian manner in space. The two anglesR′ andφ′ describe this
distribution, whereR′ is normally distributed about the average
membrane normalnj with an additional weighting factor sinR′ to
account for the volume element in spherical polar coordinates, and
the azimuthφ′ is again uniformly distributed. The inclination of
the sample, i.e., the angle between the average normalnj and the
magnetic fieldB0, is calledR.

D00
(1)(0,θ,0) ) ∑

m)-1

1

D0m
(1)(0,γ,φ)Dm0

(1)(0,R′′,0) (3)

cosθ ) cosγ cosR′′ - sin γ sin R′′ cosφ (4)

cosR′′ ) cosR′ cosR - sin R′ sin R cosφ′ (5)

D00
(2)(ΩPL) ) ∑

m′,m)-2

2

D0m′
(2) (ΩPN)Dm′m

(2) (ΩND)Dm0
(2)(ΩDL)

(6)
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analyze a given bond in the sample, but instead wishes to
simply generate all possible bond orientations in the sample
with an appropriate weighting factor, using eqs 4 and 5 is
sufficient. Consequently, we have chosen a Monte Carlo-
like approach to treat the mosaic spread problem as ac-
curately as desired without complicating the mathematics
unnecessarily. In this numerical procedure, anglesR′, φ′,
andφ, which describe the orientational and uniaxial distribu-
tions, are random variables, while the remaining anglesR
and γ are fixed parameters. By generating triple random
values forR′, φ′, andφ and choosingR andγ, we calculate
R′′ using eq 5, insert this value into eq 4, and determine cos
θ which in turn is used to calculate the corresponding
quadrupolar splitting in eq 2. In this way, we accumulate a
probability distribution of frequencies and simulate the line
shape. To check whether our simplified but computationally
much faster algorithm correctly reproduces the line shape,
we have also programmed eq 6 with the rank 2 Wigner
matrix elements. For 20 000 or more random triples, the
line shapes generated in the two approaches are indistin-
guishable.

The anglesφ andφ′ are uniformly distributed from 0 to
2π. For the orientation of the local membrane normal, we
assume a Gaussian probability distribution on the unit sphere,
which means thatR′ is distributed in a Gaussian manner
around 0° with a weighting factor of sinR′. This weighting
factor is necessary for the Gaussian distribution of orienta-
tions in three-dimensional space to correspond to the
distribution of anglesR′. We therefore generate the corre-
sponding cumulative distribution functionF(R′) according
to

where σ is the mosaic spread andN is a normalization
constant such thatF(π) ) 1. For a random numberF,
uniformly distributed from 0 to 1, the corresponding value
of R′ is determined by numerically inverting the above
equation. This is a general and standard method for the
generation of nonuniformly distributed random numbers from
uniformly distributed random numbers. It can be employed
for arbitrary probability functions. If, for example, instead
of a Gaussian probability density a constant probability
density on the unit sphere is assumed,F is proportional to
cosR′, which leads toR′ ∝ cos-1 F. The resulting line shape
is identical to the Pake powder pattern for an isotropic
distribution of orientations. For polymer fibers, a Gaussian
has been shown to be an adequate approximation (43), but
more complex distributions can be analyzed with two-
dimensional solid-state NMR (44).

The parameters of the simulation are the tilt angleR
(average membrane normal) which is varied within(3° of
the set angle, the bond orientation (angleγ) which is obtained
in a first approximation from the separation of the two
maxima in the 0° tilt spectrum, the coupling constant
∆νQ

powder which is determined from the powder-type spec-
trum, the line broadening which is also determined from the
powder spectrum and an independentT2e experiment, and
the mosaic spread. All parameters exceptR are the same
for each spectrum of a tilt series. The resulting line shape
is then convoluted with a Lorentzian function, which

represents the intrinsic line width due to spin-spin relaxation,
as well as the exponential multiplication of 2 kHz applied
to the echo. A total of 20 000 random triples are sufficient
to result in a smooth and stable simulation after convolution.
The simulated spectra also take into account the distortions
due to the finite spectral width of the pulses (45). Calculation
of a complete tilt series with seven spectra takes about 120
s on a desktop computer.

The Monte Carlo procedure for simulating the2H NMR
line shape is a universally applicable tool for describing static
line shapes. The derivation of a closed form solution for
the probability densityp(ν) is not required, but instead, the
line shape is accumulated by randomizing the appropriate
angles. It can easily be generalized by expanding the Wigner
matrix elementsDm0

(2)(ΩPL) as in eq 6. In this way, line
shapes can be calculated even in cases where the asymmetry
parameterηQ

eff is non-zero, as long as the geometry of the
sample is known (46). Fixed angles are considered to be
parameters of the model, and can be optimized by stepwise
variation or automated searches of the parameter space.

It is apparent from Figure 2 that the set of anglesθ
corresponding to a given orientation of the bond angle cone
depends on the tilt angleR as well as the bond angleγ. Thus,
not only are the line shapes for different tilt angles different,
but also those for different bond angles. A tilt series then
allows one to differentiate the two solutions of eq 2 in cases
where the observed separation of the two 0° tilt lines is less
than∆νQ

powder. We also note that eqs 4 and 5 can be easily
derived without the formalism of the Wigner rotation
matrixes, for example, using the scalar product of appropriate
unit vectors in spherical polar coordinates. However, in
general, the above formalism is more powerful and indis-
pensable for more complex problems.

RESULTS

Powder-Type Samples.To determine the quadrupolar
coupling constant∆νQ

powder in eq 2, a powder-type spectrum
from purple membranes with the (1R)-1-CD3-labeled retinal
was measured at-50 and 20°C. This sample contained
only 45 mg of protein, but a relatively large amount of water.
Residual deuterium in highly mobile water molecules leads
to a strong broad peak at the Larmor frequency in the2H
NMR spectrum, and a precise line shape analysis is very
difficult. To suppress this signal, the sample was frozen at
-50 °C. The water molecules are immobilized, and their
deuterium signal leads only to a weak background, because
the frequency range for a deuteron in ice is more than 3
times larger than that of the methyl rotor in the fast motional
limit. The resulting2H NMR spectrum at-50 °C (Figure
3a) has a very good signal-to-noise level, which is clearly
worse in the spectrum obtained at room temperature (Figure
3b). For the latter experiment, the sample had to be dried
for many days to remove the water whose signal otherwise
dominates the spectrum. The powder-type line shapes at low
temperatures as well as at room temperature have been
simulated using the analytical expression for the Pake pattern
(16, 17). The parameters are the constant∆νQ

powder and a
Lorentzian line broadening. The∆νQ

powdervalues of the best
simulation are 39.8 kHz at-50 °C and 38.8 kHz at 20°C,
with a line broadening of 3.4 and 3.3 kHz, respectively. Since
the applied exponential multiplication was 2 kHz, the

F(R′) ) N∫0

R′
exp(-a2

2σ2) sina da (7)
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intrinsic line width must be on the order of 1-1.5 kHz,
assuming Lorentzian broadening.

Since the signal strength due to only three deuterons per
protein is very low, we checked whether spurious signals
from natural abundance deuterium distort the spectrum. A
control powder-type sample of purple membranes was
prepared in exactly the same way as the labeled sample,
except that it contained a fully protonated retinal, and was
measured under identical conditions. At-50 °C, the
resulting2H NMR spectrum was indistinguishable from the
baseline (data not shown), resembling the residuals in Figure
3, while at room temperature, only one narrow line at the
carrier frequency was observed, corresponding to residual
deuterium in water.

To further reduce the number of free parameters in the
fits of the line shapes for the oriented sample, we determined
T2e by varying the pulse delay from 40 to 320µs. The latter
corresponds to a time-to-echo delay of about 650µs, at which

no quadrupolar echo was discernible from the noise level.
In this experiment, we used the oriented sample at 0° tilt.
The integrated intensity as a function of the time-to-echo
delay is plotted in Figure 4. An exponential fit gives a time
constant T2e of 195 µs, which corresponds to a line
broadening of 1.6 kHz and is consistent with the above
estimate. Because a 2 kHz exponential multiplication was
applied to the quadrupolar echo, we have used a total
Lorentzian line broadening in the fits of the oriented line
shapes of 3.5( 0.5 kHz.

Oriented Sample: Tilt Series.For a perfectly uniaxially
oriented sample, the angleγ the C1-CD3 bond makes with
the local membrane normal is identical to the angleθ the
bond makes with the magnetic field at the 0° tilt orientation,
where the membrane normal and the magnetic field are
aligned. The resulting2H NMR spectrum consists of two
lines whose separation corresponds toθ according to eq 2.
The orientational disorder of the membrane normals broadens
these two lines inhomogeneously. The experimental spec-
trum recorded at 20°C is shown in the bottom row of Figure
5 for 0° tilt. The separation of the maxima of the two broad
lines is ca. 26 kHz, which together with the constant
∆νQ

powdercorresponds toθ angles of either 70 or 42°, where
for the former solution a negative splitting is assumed and
for the latter a positive one. To not only differentiate the
two solutions but also determine the angle more accurately,
a tilt series of seven spectra was recorded by varying the
sample inclination from 0 to 90° in steps of 15°. The whole
series was fitted simultaneously with one set of parameters.
The value of the constant∆νQ

powder was allowed to vary
within 0.5 kHz of 39.3 kHz, the intrinsic line width plus
exponential multiplication within 0.5 kHz of 3.5 kHz, and
the tilt angle within 3° of the set angle. The mosaic spread
and the bond orientationγ were free parameters.

The tilt series simulations for both solutions of the bond
angle at 20°C are presented in the left- and right-hand
columns of Figure 5. The right-hand column shows the
excellent agreement with the data for a bond orientation of
68.8°, as can be seen from the residuals plotted below each
experimental spectrum. The small peak in the middle arises

FIGURE 3: Powder-type2H NMR spectra of randomly oriented
purple membranes containing bacteriorhodopsin with the (1R)-1-
CD3-labeled retinal: (a)-50 °C, 350 000 scans, and a recycle time
of 200 ms (s) and (b) 20°C, 320 000 echos, and a recycle time of
500 ms (s). Superposed in each part is a simulation of the Pake
powder pattern (- - -) for a symmetric coupling tensor (16). Below
the powder pattern, the residuals between fit and data are shown.
The fitting parameters are the quadrupolar coupling constant
∆νQ

powdercorresponding to values of 39.8 kHz at-50 °C and 38.8
kHz at 20°C and a Lorentzian line broadening of 3.4 kHz at-50
°C and 3.3 kHz at 20°C. The power spectrum of the 90° pulse
(- ‚ -) was calculated as described in ref45 for a pulse length of
3.2 µs and is included in the simulated line shape.

FIGURE 4: Determination of the decayT2e of the quadrupolar echo
for the (1R)-1-CD3-labeled sample at 20°C. The quadrupolar echo
from the oriented sample was recorded at 0° tilt for seven different
pulse delays. After Fourier transformation, the lines were fitted and
the integral was plotted as a function of the time-to-echo delay,
which is the sum of the delays after the first and second pulse plus
the length of one pulse. An exponential fit of the decay gives a
rate of 5.1 × 103 rad/s, corresponding to a Lorentzian line
broadening of 1.6 kHz.
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most likely from natural abundance deuterium in water. The
theoretical spectra in the left-hand column were generated
by using the smaller angle solution of 42° and fitting the 0°
lines. The resulting set of parameters was used to calculate
the line shape at each tilt, and it is obvious that no fit was
achieved. It should be noted that the mosaic spread for the
small angle solution is less than that for the fit with the larger
bond angle, 5.2 versus 7.2°, respectively. This is due to the
larger slope of theP2 Legendre polynomial around 42° than
at 70°, resulting in a larger change in splitting for a given
variation of the sample inclination.

The same experiment was also performed at-50 °C to
check whether motion influences the line shape. The
resulting tilt series and its fit are shown in Figure 6. The
peak at the carrier frequency has vanished as in the case of
the powder-type sample at-50°C, but otherwise, the spectra
are identical to those at room temperature. The fit parameters
for the low-temperature as well as for the room-temperature
experiments are summarized in Table 1. The simulation is
very sensitive to the bond orientation, which is highly
correlated with the quadrupolar coupling constant, however.
The error of the determined angle can therefore only be
estimated to be about 2°.

The mosaic spreadσ values of(7.2° at 20°C and(8.7°
at -50 °C obtained from the simulations are only slightly

larger than that determined from lamellar diffraction experi-
ments performed on similarly prepared samples (2). It is
important to note that while the mosaic spread is defined
for the angleR′ and is therefore a property of the sample,
the distribution ofR′′ in the laboratory system depends on
the tilt angleR. 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. Therefore, in the case of
a uniaxial distribution, it is incorrect to simply add a Gaussian
weighted series of subspectra at varying tilt angles.

Retinal Orientation from Combined Analysis of Deuterium
NMR, Linear Dichroism, and Electron Microscopy Data.

FIGURE 5: Experimental2H NMR tilt series at 20°C and spectral simulation for the (1R)-1-CD3-labeled bR. The data sets are the sum of
two independent experiments of 350 000 acquisitions each with tilt angles ofg30°, three experiments with a tilt angle of 15°, and five
experiments with 0° tilt. The right panel shows the best fit simulation using a C-CD3 bond angleγ of 68.8°. The left panel shows the
corresponding simulations for the other solution of eq 2 which do not describe the data at all. In this case, the bond angleγ value of 42°
and mosaic spreadσ value of 5.2° were chosen such that the 0° tilt data are fit best. All simulated spectra take into account spectral
distortions due to the finite pulse width (45). The middle panel depicts the2H NMR data, and below them, the residuals indicate the
difference from the fits in the right-hand column. Next to the data are the values for the set tilt angle, and next to the simulated curves are
the tilt angles used in the calculation. A deviation of up to 3° from the set angle was allowed for the tilt angles. The fit parameters are
summarized in Table 1.

Table 1: Parameters for Best Fit Line Shape Simulations of
(1R)-1-CD3-Labeled Oriented Purple Membranesa

20 °C -50 °C
bond angleγ (deg) 68.8 68.6
mosaic spreadσ (deg) (7.2 (8.7
line broadening (kHz) 3.2 3.4
∆νQ

powder(kHz) 39.3 39.7

a The tabulated parameters were used to simulate the line shapes in
Figures 5 and 6 for a complete tilt series at the given temperatures,
varying only the tilt angle for different data sets. The simulations use
a frequency grid of 1024 points, where 20 000 random triples are
sufficient for the generation of one spectrum.
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One aim of this study was to find restrictions for the possible
orientations of the chromophore within the membrane. In
general, three angles are sufficient to fix the position of a
rigid body in space. In the case of the retinal chromophore,
only two angles are needed because one can consider the
membrane a uniaxial system, and therefore, the third angle
may have an arbitrary value. This geometrical problem can
again be formulated using Wigner rotation matrices. In the
simplest case, one has to relate the angle determined by2H
NMR to the molecular frame and the latter to the membrane
frame

whereΩPN ) (0,âPN,0) represents the bond angle obtained
from 2H NMR, ΩPM ) (0,âPM,γPM) are the Euler angles for
the rotation from the principal axis system of the bond to
the chosen molecular frame of the retinal, and finallyΩMN

) (RMN,âMN,0) are the two angles for the rotation of the
molecular to the membrane frame. The anglesRMN andâMN

describe the orientation of the retinal in the frame of the
membrane, whereas the anglesΩPM can be determined from

the conformation of the retinal molecule. The above eq 8
is valid for any rankj. In the case of2H NMR, the rank is
2, but a formulation in rank 1, which is computationally much
easier to handle, is still correct if we take into account that
in rank 2 we cannot distinguish the Euler angles (R,â,0) from
(R+π,π-â,0), because even rank expressions are invariant
under an inversion operation.

The most convenient choice for the molecular frameM is
the long axis of the retinylidene polyene chain (C5-N) as
the z-axis, because in this case the Euler angleRMN is the
ring plane roll andâMN is the tilt of the polyene chain with
respect to the membrane normal. Both of them can be related
to experimentally obtained values, i.e., the dichroism of the
HOOP modes in FTIR and the dichroism of the electronic
transition dipole moment. Because eq 8 contains two
unknowns, viz.RMN and âMN, we must combine two such
equations to be able to solve them forRMN andâMN. Thus,
our analysis proceeds in three steps. First, we use the
orientation of two bonds determined from2H NMR and their
relative orientation given by the retinal conformation and

FIGURE 6: Experimental2H NMR tilt series and spectral simulations
for (1R)-1-CD3-labeled bR at-50 °C. All spectra (data as well as
simulations) have been scaled such that their integral is the same.
The data in the left panel represent 250 000 acquisitions each and
their deviation from the fit, which is shown in the right panel. The
angles next to the spectra refer to the set angle for the data and the
angle used in the simulation, respectively. A deviation of up to 3°
from the set tilt angle was allowed in the simulation. All simulated
spectra take into account spectral distortions due to the finite pulse
width (45). A summary of the fit parameters is given in Table 1.

D00
(j)(ΩPN) ) ∑

m′)-j

j

D0m′
(j) (ΩPM)Dm′0

(j) (ΩMN) (8)

FIGURE 7: Modeling of chromophore orientation in the purple
membrane. The orientation of the retinylidene chromophore with
respect to the membrane is determined by two anglesRMN andâMN.
The polyene chain is defined as the vector from C5 on the
cyclohexene ring to the Schiff base nitrogen, which is the last atom
of the chain drawn here. Thus,âMN is the tilt angle between the
polyene chain vector and the membrane normal, whereas the ring
plane rollRMN is a rotation around the chain vector. The intramo-
lecular angles characterizing the configuration of the cyclohexene
ring are θt and φd. The tetrahedral angleθt involves the sp3
hybridized orbitals of C1 and is the same for all bonds on C1. The
dihedral angleφd of the (1R)-1-CD3 bond is defined with respect
to the C6-C1 bond and the ring plane. It depends on the type of
half-chair conformation involving C3 and C2. The ring puckering
(twisted half-chair) is clearly seen in panels b and c. For the sake
of simplicity, the retinal is depicted as completely planar between
C4 and C15, including the methyl groups attached to the polyene
chain and C5. The angleâc is the angle between the polyene chain
vector and the C5-Me bond. The three panels are drawn for three
different pairs ofRMN andâMN. In panel a, both angles are set to 0°
so that the chain vector is parallel to the membrane normal and the
ring plane is perpendicular to the membrane surface (RMN ) 0°
andâMN ) 0°). Panel b is a view from above onto the retinal, with
the methyl groups of the polyene chain pointing out of the paper
plane (RMN ) 90° andâMN ) 90°). Panel c is an illustration of an
arbitrary pair of anglesRMN andâMN.
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calculate the polyene chain tiltâMN and ring plane rollRMN

in the membrane frame. We then select those solutions with
a polyene chain tilt compatible with a transition dipole
moment tilt of 70( 5° with respect to the membrane normal.
In the last step of our analysis, we take into consideration
the fact that the vector from the cyclohexene ring to the
Schiff base points toward the cytoplasmic side. This side-
specific orientation allows us to classify the solutions with
respect to the orientation of the Schiff base N-H bond,
including whether it points toward the extracellular or
cytoplasmic side of the membrane. For all solutions, we
also have to take into account those corresponding to an
inversion of the system.

If only one bond orientation for the retinal is known from
2H NMR, e.g., the angle between the C5-Me and the
membrane normal, the only conclusion is that this bond lies
anywhere on a cone pointing either to the extracellular or to
the cytoplasmic side of the membrane, because with2H NMR
one cannot distinguish an angleθ from its supplementπ -
θ. Two such angles further restrict the possible orientations
if the relative orientation of the two bonds is known. For
the methyl groups along the polyene chain, the relative
orientations are not known, because the chain may be bent
and twisted. We have therefore chosen the orientation of
the C1-(1R)-CD3 bond (γ1 ) 68.7°) together with that of
the C5-Me bond (γ2 ) 37°) investigated in previous work
(21). The geometry of the cyclohexene ring defines the
relative orientation of these two groups. The ring is planar
between C1, C6, C5 (and its methyl group), and C4, while
either C3 is out of plane (half-chair) or both C2 and C3 assume
one of two possible twisted half-chair conformations. These
two conformations lead to different orientations of the labeled
methyl group on C1 with respect to the ring plane, character-
ized by the dihedral angle of the C1-CD3 bond about the
C1-C6 bond (cf. Figure 7). We defineâMN as the angle
between the polyene chain vector from C5 to the Schiff base
nitrogen (molecular principal axis) and the membrane
normal, andRMN as the roll of the ring plane around the chain
vector. We expand the two known bond orientations, i.e.,
the angles between these bonds and the membrane normal,
by using Wigner rotation matrices as described above:

For both equations, the initialz-axis is aligned with the
respective C-C bond. Of the three Euler angles, the first
one is a rotation around thisz-axis, the second one a rotation
around the newy-axis, and the third one a rotation around
the newz-axis. Thus, in eq 9, the C5-Me bond (z-axis) is
rotated throughΩPM ) (0,âc,0) around they-axis, which is
perpendicular to the ring plane, onto the chain vector
connecting C5 with the Schiff base nitrogen. With the next
transformationΩMN ) (RMN,âMN,0), the newy-axis is first
aligned with the membrane plane (RMN), and subsequently,
the C5-N vector is rotated throughâMN such that it is parallel
to the membrane normal. In eq 10, the initial set of Euler

anglesΩP′P ) (0,θt,-φd) aligns the principal axis system
associated with the C1-CD3 bond with that of the C5-Me
bond. First, thez-axis C1-(1R)-CD3 is rotated around the
y-axis through the tetrahedral angleθt onto the C1-C6

direction. Since thisy-axis is also perpendicular to the
original C1-CD3 axis, which makes an angleφd with the
ring plane, we now rotate around the C1-C6 bond (new
z-axis) by-φd so that they-axis is now perpendicular to the
ring plane. The remaining rotations in eq 10 are the same
as in eq 9. The above transformations define asâMN ) 0
the retinal orientation in which the C5-N vector points up
along the membrane normal, andRMN ) 0 as that in which
the ring plane is perpendicular to the membrane plane. An
illustration of the above-defined angles can be found in
Figure 7. It should be noted that our formulation uses the
notation for passive rotations of the coordinate systems.

Since the anglesγ1 andγ2 were determined experimen-
tally, eqs 9 and 10 can be solved for the two unknowns, cos
âMN and cosRMN:

In general, the two solutions of the quadratic equation are
different and not related by an inversion with respect to the
membrane plane. The square root is real only if|γ1 - γ2|
e θt ) 109° e (γ1 + γ2). In our case,γ1 + γ2 ) 68.7° +
37° which does not satisfy the above inequality. We can
therefore conclude that one of the angles must be 180° -
γi, which is consistent with the NMR experiment in which
only |cosγi| is determined. This means that the two bonds
point toward opposite sides of the membrane. If one or both
angles are a little larger, however, this conclusion does not
hold. Since the quadrupolar interaction is invariant under
an inversion, it is important to note that the square root is
invariant with respect to this operation.

Equations 9 and 10 combine the information about the
internal retinal conformation with the2H NMR information
about the bond orientations with respect to the membrane
normal. The anglesθt, φd, andâc characterize the intramo-
lecular structure of the retinal molecule, while anglesγ1 and
γ2 describe the orientation of individual bonds with respect
to the membrane normal. Using these five angles as input,
one can then use eqs 11 and 12 to calculate the chain tilt
âMN and the ring plane rollRMN, which define the retinal
ring orientation with respect to the membrane plane. The
internal chromophore conformation in bR is of course not
known. We have therefore taken the values of the dihedral
angleφd as well asâc from two different structures, namely,
from the retinal structure as determined by ideal orbital
hybridization and from the crystal structure of the all-trans-
6-s-trans-retinal model compoundN-methyl-N-phenylretinal
iminium perchlorate (4) which has a protonated Schiff base.
Moreover, we have considered several possible types of ring
puckering.

cosγ2 ) D00
(1)(ΩPN) ) ∑

m)-1

1

D0m
(1)(ΩPM)Dm0

(1)(ΩMN) (9)

cosγ1 ) D00
(1)(ΩP′N) )

∑
m′,m)-1

1

D0m′
(1) (ΩP′P)Dm′m

(1) (ΩPM)Dm0
(1)(ΩMN) (10)

cosâMN ) 1
sin θt

{[sin θt cosâc cosγ2 - (cosγ1 -

cosγ2 cosθt) sinφd sin âc] ( cosφd sin âc ×

x[cos(γ1 - γ2) - cosθt][cos θt - cos(γ1 + γ2)]} (11)

cosRMN )
cosâc cosâMN - cosγ2

sin âc sin âMN
(12)
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For the retinal structure as determined by ideal orbital
geometry, the angles describing the intramolecular confor-
mation can easily be derived by trigonometric means. The
cyclohexene ring of the retinal can exist in several conforma-
tions. In the simplest half-chair conformation, all carbons
of the cyclohexene ring but C3 are planar and the two geminal
methyl groups on C1 are symmetric with respect to this plane.
The dihedral angleφd equals 59.5°. More realistic is a
twisted half-chair conformation in which the two methyl
groups on C1 are positioned asymmetrically with respect to
the ring plane defined by C1, C6, C5, and C4. They form
different anglesφd with the ring plane in these two
conformations. For each of the two forms, there are two
possible chain tilt anglesâMN from eq 11 with corresponding
plane roll anglesRMN from eq 12. The values forφd in the
two twisted half-chair conformations are 42 and 77°,
respectively. The geometry of the bonds of C1 is tetrahedral,
andθt equals 109.5°. The C5-Me bond makes an angleâc

of 94° with the C5-N vector, but is at right angles to the
C5-C15 direction.

In the case of the crystal structure of the retinal model
compoundN-methyl-N-phenylretinal iminium perchlorate, all
angles can be calculated from the atomic coordinates (4).
The ring, however, was found in only one pucker conforma-
tion. As an approximation for the two twisted half-chair
conformations, we use as input either one of the dihedral
angles of the two methyl groups on C1 and their respective
tetrahedral angles:θt ) 113° and φd ) 55° for the C1-
(1R)-Me andθt ) 110° andφd ) 68° for the C1-(1S)-Me
bonds, respectively. The angleâc between the C5-Me bond
and the C5-N chain direction is found to be 99°, whereas
the angle with respect to the C5-C15 vector is 95.5°. The
results for the two retinal models and their ring pucker
conformations are summarized in Table 2. An illustration
of one pair of solutions for the retinal model compound is
presented in Figure 8.

The local orientation of the plane of the polyene chain of
the chromophore has been obtained previously from polarized
FTIR measurements on the hydrogen-out-of-plane (HOOP)
vibrations (33, 47, 48). Experiments on the C7dC8 and C11d
C12 HOOP modes have shown that these local planes are
approximately perpendicular to the plane of the membrane
((10°), but that small twists of 15-30° occur around single
bonds. These results thus suggest that a tilt of the ring plane
of up to 20 or 30° is not unreasonable. Consequently, they
do not provide a constraint for distinguishing the various

structures found in the modeling described above, because
all ring plane roll angles in Table 2 are less than 32°.
However, the orientation of the optical transition dipole
moment at 568 nm with respect to the membrane normal is
known with good precision to be 70( 5° (30, 31, 33). The
orientation of the C5-N vector is close to that of the
transition dipole moment in either the all-trans or 13-cis form
(49, 50), and thus provides an additional orientational
constraint for the polyene chain (cf. Figure 8). Because the
transition dipole moment and the above-defined vector
nevertheless may differ somewhat, we use as a selection
criterion the fact that the polyene chain tilt must lie in the
interval of 70( 10°. Clearly, only solutions 1, 3, 5, 7, and
9 of Table 2 satisfy this criterion, because a tilt angle of, for
example, 130° corresponds to 50°. If the C5-C15 vector is
used as a reference direction,âc is about 4° smaller and the
numbers in parentheses in Table 2 show that this difference
is directly seen in the corresponding chain tiltâMN which
also changes by about 4°. This is understandable, because
the plane is nearly perpendicular to the membrane plane (RMN

e 30°). Considering the case of a 13-cis chromophore,âc

would be larger than in the all-trans form and the chain tilt
angles would increase by approximately the same amount.
This means that for solutions 2, 4, 6, 8, and 10 in Table 2
the chain tilt would be even further removed from the value
of 110°, which corresponds to the 70° inclination of the
transition dipole moment. Thus, the conclusion that only
the odd-numbered solutions in Table 2 are compatible with
the linear dichroism experiment holds in all of the above
cases.

As a final step of our analysis, we investigate the
orientation of the methyl groups and the Schiff base N-H
bond within the membrane frame. It follows from our
definition of the rotations that for a solution with a chain
tilt âMN of less than 90° and a ring plane rollRMN between
90 and-90°, the polyene methyls point toward the side of
the membrane to which the C5-N vector points. Clearly,
this is the case for all configurations compatible with the
linear dichroism experiments (solutions 1, 3, 5, 7, and 9 in
Table 2). Also, it is known from electron microscopy (3)
and second-harmonic interference experiments (32) that the
C5-N vector points toward the cytoplasmic side of the
membrane. Therefore, we can conclude that the polyene
methyl groups point toward the cytoplasmic side and the
Schiff base N-H bond points toward the extracellular side
of the membrane. The opposite orientation can be excluded

Table 2: Retinal Orientation in the Membrane Frame Deduced from2H NMR for Different Ring Conformationsa

retinal structure ring pucker solution no. dihedral angleφd (deg) plane rollRMN (deg) chain tiltâMN (deg)

ideal orbital half-chair 1 59.5 25 (26) 66 (63)
geometry,âc ) 94° (90°) 2 59.5 16 (15) 128 (124)

twisted half-chair 3 42 32 (32) 75 (71)
4 42 25 (25) 122 (118)
5 77 16 (16) 60 (56)
6 77 2 (2) 131 (127)

N-methyl-N-phenylretinal iminium twisted half-chair 7 55 [(1R)-1-Me] 24 (25) 71 (67)
8 55 [(1R)-1-Me] 23 (22) 130 (127)

perchlorate,âc ) 99° (95.5°) 9 68 [(1S)-1-Me] 20 (21) 67 (63)
10 68 [(1S)-1-Me] 10 (10) 135 (131)

a The dihedral anglesφd correspond to the different ring pucker conformations. The following definitions apply. The polyene chain vector connects
C5 with the Schiff base nitrogen.âc is the angle between the C5-Me bond and the polyene chain vector. The chain tiltâMN is the angle between
the polyene chain vector and the membrane normal, where the ring plane rollRMN is a rotation around this vector. Angles in parentheses correspond
to the C5-C15 vector as a reference direction.
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because the polyene chain tilt would not be consistent with
the results from linear dichroism (solutions 2, 4, 6, 8, and
10 in Table 2). It is well-known that the quadrupolar
interaction as well as linear dichroism are insensitive to a
change in angle fromθ to 180° - θ. Our conclusion is
independent of this restriction, because if we change the
anglesγ1 andγ2 to 180° - γ1 and 180° - γ2, respectively,
cosâMN changes its sign in eq 11; i.e.,âMN is also replaced
by 180° - âMN. The same holds forRMN in eq 12. It should
be noted that the angles defining the intramolecular confor-
mation of the retinal remain unchanged under the inversion,
and the root in eq 11 must still be real, i.e.,γ1 + γ2 > 109°.
Thus, the inversion leaves our conclusion unaltered, because
the membrane reference system as a whole is inverted. It
follows that the orientation of the retinal within the mem-
brane frame is unchanged and the Schiff base N-H bond

still points toward the extracellular side. This can be done
experimentally by turning the sample by 180° which results
in the same quadrupolar splitting. It is the combination of
three angles, from2H NMR and linear dichroism, with a
defined retinal structure and the orientation information from
electron microscopy that makes our conclusion unambiguous.

DISCUSSION

For understanding the mechanism of proton translocation
by bacteriorhodopsin (bR) in the purple membrane, knowl-
edge of the structure of the retinal chromophore and its
orientation is centrally important. The angular constraints
provided by 2H NMR spectroscopy are valuable in this
regard, particularly in combination with complementary
biophysical approaches, such as linear dichroism, electron
cryomicroscopy, and nonlinear optical interference measure-
ments. The wide-line2H NMR experiments described in
this article were performed on a uniaxially oriented sample
of hydrated purple membranes containing bacteriorhodopsin
with a (1R)-1-CD3-labeled retinal. For the first time,2H
NMR spectra with a high signal-to-noise ratio could be
collected not only at sub-zero temperatures but also at room
temperature (20°C). Thus, in contrast to electron cryomi-
croscopy (29), our experiments have been performed under
conditions close to those for the native system.

The width of the Pake powder pattern of a random
dispersion of purple membranes at 20°C does not change
significantly upon lowering the temperature to-50 °C,
which is consistent with previous studies on the methyl rotor
dynamics in bR (27). Since the average powder splitting of
39.3 kHz is very close to the expected value of∆νQ

powder )
1/3(3/4øQ

stat) = 1/4(170) kHz for a methyl rotor in the fast
motional limit (27), no additional fast motions with rates
g104 s-1 seem to be present. In the case of the oriented
sample, experiments were performed at 20 and-50 °C.
Again, no significant differences were observed which
suggests that dynamical differences over this temperature
range do not affect the line shape. This may indicate that
there are no significant dynamical contributions from ring
puckering. On the other hand, ring puckering may be so
slow as to lead to two overlapping sets of lines. This
possibility cannot be ruled out with certainty, because the
bond angles with respect to the membrane differ by only a
few degrees in the two twisted half-chair conformations.

Angular Constraints from Deuterium NMR Spectroscopy
of Isotopically Labeled Retinal in Bacteriorhodopsin. In this
work, the angle of the stereospecifically labeled methyl group
on C1 of the cyclohexene ring relative to the frame of the
purple membrane was investigated. The quadrupolar inter-
action and consequently the observed quadrupolar splitting
depend on the angle between the respective deuterated bond
and the magnetic field (16). By orienting the sample in a
defined way, we are able to deduce from the2H NMR
experiment the angle between the bond and the orientational
axis, in our case the membrane normal. Although a perfect
orientation of the membranes is desirable and simplifies the
analysis, a limited degree of orientational order is in fact
sufficient to obtain useful information. The Monte Carlo
procedure for simulating the deuterium line shape allows one
to accurately take into account the disorder in the uniaxially
aligned purple membrane films; no systematic differences

FIGURE 8: Three-dimensional rendering of two orientations of the
retinal in the membrane as derived from orientational constraints.
The atomic coordinates for the carbon atoms and the Schiff base
nitrogen (last atom of the chain) were taken from the crystal-
lographic structure of the all-trans-6-s-trans-retinal model compound
N-methyl-N-phenylretinal iminium perchlorate (4). The carbon atom
of the deuterated (1R)-1-CD3 methyl group studied in this work is
black (φd ) 55°). Orientations a and b correspond to the two
solutions resulting from the constraints on the bond orientations
for the C5-Me and (1R)-1-CD3. For ease of comparison, the
drawing of the chromophore in part b is inverted such that the
deuterated methyl group lies behind the paper plane in part a and
in front of it in part b. Clearly, the inclination of the polyene chain
vector connecting C5 on the ring with the nitrogen at the Schiff
base end relative to the membrane normal is different in the two
configurations. The numerical values for the chain tilt are indicated
in the figure; the corresponding plane roll can be found in Table 2
(solutions 7 and 8). Only the tilt of 71° in part a is consistent with
previous results from linear dichroism studies. Since it is known
that the cyclohexene ring is closer to the extracellular side, the
configuration consistent with both constraints in part a has the
polyene methyls pointing toward the cytoplasmic side and the Schiff
base N-H bond pointing toward the extracellular side. For a
detailed explanation, see the text.
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between the data and fit were observed. A tilt series of2H
NMR spectra measured at seven different inclinations of the
sample with respect to the magnetic field has been simul-
taneously analyzed with a common set of parameters. The
tilt series not only allows one to distinguish the two bond
orientations that are compatible with the observed splitting
at zero sample tilt but also increases the precision with which
the bond orientation is determined. Together with the known
bond orientation for the methyl group on C5 (21), this restricts
the possible orientation of the planar part of the cyclohexene
ring relative to the plane of the membrane.

In this study, the angle between the membrane normal and
the C1-CD3 bond was found to be 68.7( 2.0°. The error
is only an estimate and may even be smaller than 2°. This
value is consistent with the angle of 67.4° derived from a
refinement of electron crystallographic data (3) using the
X-ray structure of a retinal model compound (4) as the
starting point.2 Because the bond orientations were calcu-
lated from atomic coordinates, they have large errors,
whereas we achieve a precision of better than 2°. In a
previous2H NMR study, values of 75( 2° and 94( 2°
were reported for the orientations of the two geminal methyl
groups of C1 (20). The 75° value probably corresponds to
the angle of 68.7( 2° found here. The reliability of the
previous data analysis was limited, because all three methyl
groups on the cyclohexene ring had been labeled (20).
Hence, the corresponding three overlapping2H NMR spectra
could not be deconvoluted properly. This problem was
already recognized when the angle for the C5-Me bond of
46° in ref 20 had to be revised to 37° in later work with a
single specifically deuterated methyl group on C5 (21).

For the C5-, C9-, and C13-methyl bonds along the
polyene chain, there are systematic deviations between the
previous2H NMR results (21) and the values derived from
electron cryomicroscopy (3) and X-ray diffraction (5). The
angle between the C5-methyl bond and the membrane
normal obtained from2H NMR is 37° (21), from electron
cryomicroscopy 39° (3), and from X-ray diffraction 32° (5)
(all values rounded). Thus, for the C5-methyl group, there
is good agreement, considering the errors of(2° in the NMR
value and probably at least(5° in the diffraction results. It
should be noted that this angle was used in our determination
of the chromophore orientation (see below). For the other
methyl groups on C9 and C13, however, the corresponding
values are 40, 29, and 34° and 32, 16, and 10° from 2H NMR,
electron microscopy, and X-ray diffraction, respectively, and
there is clear disagreement. The angles from the diffraction
experiments are systematically smaller than those from2H
NMR with the discrepancy increasing toward the Schiff base
end. The source of these differences remains unclear,
because all experiments were presumably carried out with
dark-adapted samples containing the same mixture of 13-
cis and all-trans chromophores. The refinement of the
diffraction structures was based, however, on the structure
of an all-trans-retinal model compound (4). This choice
would be inappropriate if significant differences existed in

the methyl orientations in the 13-cis, 15-syn and the 13-
trans, 15-anti chromophore isomers. Such differences may
be largest near the end of the chain. If, for example, the
Schiff base terminal part were twisted with respect to the
average polyene plane, the2H NMR angle for the C13-
methyl bond orientation could be larger than the diffraction
results, which are biased toward the nearly planar all-trans
input structure. Also, the globalR factor, a measure of the
refinement of the entire protein structure, may not be very
sensitive to the local structure of the chromophore whose
scattering density is not very large. Another potential source
of error lies in the definition of the membrane normal. The
X-ray diffraction experiments were not carried out with
purple membranes, and the direction of the membrane normal
had to be taken over from electron cryomicroscopy.

Molecular Modeling of the Retinal Orientation in Bacte-
riorhodopsin. With regard to further modeling of the
chromophore and integrating the2H NMR results in the
framework of previously obtained data, two alternative
strategies are possible. One can either combine the informa-
tion from 2H NMR with other constraints and try to deduce
the structure of the chromophore or make assumptions about
this structure to infer how the molecule as a whole is oriented
with respect to the membrane. Here, we have chosen the
latter approach, since the atomic structure of the chromophore
in bR is not yet known. Thus, we have combined several
pieces of evidence to build a model from which the possible
orientations can then be calculated. One can expect that
orientational constraints determined from2H NMR studies
of the cyclohexene ring are dependent on its conformational
puckering. To establish the generality and robustness of the
conclusions, several conformations of the retinal and espe-
cially the ring puckering have been considered. These
include the simplest half-chair ring conformation, in which
only C3 does not lie in the ring plane and the two methyl
groups on C1 are not affected by the puckering. A more
realistic conformation is the twisted half-chair, in which both
C2 and C3 are out-of-plane and the dihedral angle of the
methyl groups on C1 is different for the two possible
conformations. As a further model for the retinal conforma-
tion in bR, we have used the crystallographically determined
structure ofN-methyl-N-phenylretinal iminium perchlorate
(4). The results of our orientational analysis show that the
conclusions about the retinal orientation with respect to the
membrane are comparatively robust and do not depend on
the detailed aspects of the ring puckering.

It is known from crystallographic studies on single crystals
of the all-trans-retinal model compound (4) or all-trans-
retinoic acid (51) that the molecule is planar to within 6° in
the 6-s-trans configuration, while the 6-s-cis form shows a
large twist between the polyene chain plane and the planar
part of the ring of greater than 30° (51, 52). 13C magic angle
spinning experiments (23) as well as rotational resonance
NMR studies (25, 26) have confirmed this observation, and
have shown that the retinal in bacteriorhodopsin has a 6-s-
trans configuration. Thus, the assumption in our calculations
of a nearly planar retinal molecule including the polyene
chain is very well-justified.

We have combined the result of the2H NMR experiments
[(1R)-1-CD3 bond] with the previously published angle for
the C5-Me bond from2H NMR (21) to determine orienta-
tional constraints for the plane of the cyclohexene ring in

2 Grigorieff et al. (3) used a different nomenclature for the methyl
groups. The angle of 67.4° is given in their Table 4 for the C1-C17

methyl group. This methyl group is the one on the left side of the ring
as seen from above (cf. their Figure 10) and thus corresponds to the
(1R)-1-Me studied in this work (N. Grigorieff, personal communication).
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the membrane. The calculations require as an input the
dihedral angleφd for the (1R)-1-CD3 bond around the C1-
C6 bond. Data forφd vary considerably within 10-20°
between crystal structures (4, 51) and between crystal-
lographic data and the ideal ring geometry calculated from
sp3 (tetrahedral) and sp2 (trigonal) geometries. For each ring
pucker conformer, two possible orientations of the retinal
within the membrane are found. Each of them is character-
ized by the polyene chain tiltâMN and a rotationRMN around
the polyene chain. From the total of 10 configurations, we
select those in which the polyene chain tilt is compatible
with the transition dipole moment orientation determined
from linear dichroism studies, i.e., 65-75°. At this point,
we are left with only four possible configurations. The tilt
RMN of the ring plane with respect to the membrane plane in
the remaining structures is between 20 and 32°, and is
consistent with the tilt of the planar parts of the polyene chain
determined from the dichroism of the HOOP modes of the
polyene chain, if the observed twists of 15-30° around the
single bonds are taken into account (33, 47, 48). Moreover,
since the vector from the cyclohexene ring to the Schiff base
is known to be oriented toward the cytoplasmic side of the
membrane (29), we can differentiate the two sides for the
possible solutions. It turns out that in all four remaining
solutions, the Schiff base N-H bond points toward the
extracellular side of the membrane (cf. Results). This
conclusion is not very sensitive to the values assumed for
the angles involved in the calculation; e.g., in the case of
the transition dipole moment inclination, we have allowed a
20° variation.

As a result, by combining the2H NMR data for two of
the deuterated ring methyl groups, we have been able to
further reduce the number of possible solutions for the
orientation of the retinal in the membrane frame. The
introduction of the orientation of the chain vector then links
the retinal to the membrane frame. In this manner, it has
been possible to overcome the inherent limitation of the2H
NMR experiment, namely, that due to the even parity of the
coupling interaction an angleθ cannot be distinguished from
its supplementπ - θ. The conclusion that the Schiff base
N-H bond points toward the extracellular side of the
noncentrosymmetric membrane is thus not only unambiguous
but also not very sensitive to the particular retinal conforma-
tion assumed, or to the particular orientation of the transition
dipole moment.

Our conclusion regarding the retinal orientation within bR
is consistent in its general features with the recent crystal-
lographic findings (5). However, our calculations on the
retinal orientation use only angles measured directly together
with the retinal conformation, while in the input for a
crystallographic refinement, a choice about the retinal
orientation has to be made. Our conclusion is therefore
independent and an interesting confirmation of the crystal-
lographic results. The2H NMR experiments reported here
measure bond orientations directly in the relevant frame of
the native biomembrane. Analogous high-resolution NMR
methods have been developed lately, which use directly
measured angles to refine structures derived from distance
or coordinate information (53). By combining the orienta-
tional information from2H NMR with X-ray studies of the
entire protein, one may in the future be able to arrive at a
detailed picture of the retinal binding pocket in bR.

Implications for the Molecular Mechanism of Ion Trans-
port. Clearly, the orientation of the Schiff base N-H bond
is an important element in vectorial proton transport. If the
N-H bond points toward the extracellular side as concluded
from our analysis, the proton points roughly toward aspartic
acid 85, to which it is transferred in the L to M transition
during the photocycle. However, in the M intermediate of
the photocycle, the Schiff base still has an anti configuration,
but the chromophore is in a 13-cis conformation, which may
change the accessibility of the Schiff base to the cytoplasmic
side and thus provide part of the switch mechanism. It will
therefore be interesting to apply the method established in
this work to the retinal in the M state once additional angles
are determined using2H NMR spectroscopy. A detailed
comparison of the structure and orientation of the chro-
mophore before and after the switch will then be possible.
Finally, we note that the methods applied here to the retinal
chromophore in bacteriorhodopsin can also be applied to
investigations of other ligands bound to membrane proteins,
and may prove useful in the elucidation of their mechanism
of action.
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