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ABSTRACT: The orientations of three methyl bonds of the retinylidene chromophore of bacteriorhodopsin
were investigated in the M photointermediate using deuterium solid-state NNIRINR). In this key
intermediate, the chromophore has acl8-15-anti conformation and a deprotonated Schiff base. Purple
membranes containing wild-type or mutant D96A bacteriorhodopsin were regenerated with retinals
specifically deuterated in the methyl groups of either carbpwrCCs of the f-ionone ring or carbon £

of the polyene chain. Oriented hydrated films were formed by drying concentrated suspensions on glass
plates at 86% relative humidity. The lifetime of the M state was increased in the wild-type samples by
applying a guanidine hydrochloride solution at pH 9.5 and in the D96A sample by raising thipH.
NMR experiments were performed on the dark-adapted ground state (a 2:1 mixtureisf 13synand
all-trans, 15-anti chromophores), the cryotrapped light-adapted s#dit¢réns 15-anti), and the cryotrapped

M intermediate (13:is, 15-anti) at —50 °C. Bacteriorhodopsin was first completely converted to M under
steady illumination of the hydrated films &5 °C and then rapidly cooled t650 °C in the dark. From

a tilt series of the oriented sample in the magnetic field and an analysis &fitNMR line shapes, the
angles between the individuaHC D3 bonds and the membrane normal could be determined even in the
presence of a substantial degree of orientational disorder. While only minor differences were detected
between dark- and light-adapted states, all three angles increase in the M state. This is consistent with an
upward movement of thesC Cy3 part of the polyene chain toward the cytoplasmic surface or with increased
torsional strain. The £-CD3; bond shows the largest orientational change®ofh/M. This reorientation

of the chromophore in the binding pocket provides direct structural support for previous suggestions (based
on spectroscopic evidence) for a steric interaction in M between ghen€thyl group and Trp 182 in

helix F.

Solving the structure of proteins in functionally important several intermediates are known to occur during the photo-
intermediate states of their reaction sequence is a keycycle triggered by the absorption of a photon of visible light
problem in understanding the mechanism of catalysis. In the (for a review see ref). Its retinylidene chromophore, bound
case of the light energy converter bacteriorhodopsin {bR), via a protonated Schiff base to lysine 216 of bacterioopsin
(cf. Figure 1), isomerizes fromll-trans, 14-strans, 15-anti
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bRy3—¢, which has a 13is, 14-strans 15-synchromophore  vectoriality of proton transport and the interaction of the
and does not pump protons. isomerized retinal with the binding pocket, more specific

A fundamental question about the mechanism of photo- information about the chromophore reorientation is needed.
receptors in general concerns the transmission of the light- In the present work, we have further developed an
induced structural changes in the chromophore to the protein.approach that uses the angular dependence of the quadrupolar
How is the energy absorbed in the form of a photon of visible splittings in solid-state deuterium NMR of oriented samples
light utilized to accomplish active charge transport, as in bR, to measure the angles between specifically deuterated bonds
or the activation of a receptor such as in rhodopsin or of the retinylidene chromophore and the membrane normal
phytochrome? In the retinal proteins bacteriorhodopsin andin the M state 25). The M intermediate is most interesting,
rhodopsin, isomerization of the chromophore triggers struc- not only because it is produced by the deprotonation of the
tural changes that are mediated through altered interactionsSchiff base to the internal acceptor aspartate 85 but also since
between the chromophore and its protein binding pocket. Themajor conformational changes involving helices F and G
molecular details of these events remain unclear. The have been documented4—16). Moreover, it is believed
protruding methyl groups of the chromophore may provide that during its lifetime the accessibility of the Schiff base
the interaction sites between the chromophore and the sidefor protons changes from the extracellular to the cytoplasmic
chains of the amino acids lining the binding pocket. For side of the membrane (the so-called reprotonation switch).
bacteriorhodopsin, it has been suggested that §her@thyl NMR investigations on M require that the uniaxially
group of retinal interacts transiently with tryptophan 182 of oriented purple membrane samples stay in this bleached state
helix F (9—11). The indole ring of W182 is located between for the duration of the experiment. The lifetime of the M
the chromophore and the cytoplasmic side of the membraneintermediate can be substantially increased at room temper-
and, in the dark, is in van der Waals contact with the-C  ature by addition of a guanidine hydrochloride solution at
methyl group {2, 13). Thus, a reorientation of the polyene pH 9.5 to films with wild-type bR 26) or by using the mutant
chain in that direction would change the van der Waals protein D96A, in which the proton donor aspartic acid 96 is
interactions between these groups and could serve as theeplaced by alanine2{), at high pH. In both preparations,
steric trigger leading to the tilt of helix F observed in the M bR is fully functional and only the turnover of the proton
state (4—16). Alternatively, the torsional strain in the pump is slowed down. Thus, at 86% relative humidity an
polyene chain after isomerization could drive conformational oriented film of membranes could be converted from the
changes in the protein moiety, with the methyl groups purple ground state to the brightly yellow M stafe.{x =
providing the van der Waals contacts. In either case, changest10 nm) at temperatures above freezing, ensuring that bR
in orientation of the individual €CD; bonds are expected was fully functional. Thereafter, the sample was rapidly
to be involved. Here, we report on a substantial increase in frozen at—50 °C to maintain it in the M state for the duration
the angle between thes€CH; bond of the chromophore  of the experiment, which in the present case could last up to
and the membrane normal in M usiflg solid-state NMR. several days.

Although the isomeric configuration of the retinal chro- Given the increasing evidence for multiple M states, the
mophore in each of the photocycle intermediates is well- question arises as to which M state was observed under our
known (1), structural information on its orientation with  experimental conditions. A recent stud38( has presented
respect to the protein or the membrane during the dark evidence for two structurally different M species at low and
reactions is almost completely lacking. Using deuterium at high relative humidity, respectively, which were generated
NMR (?*H NMR) spectroscopy with oriented purple mem- under steady-state illumination of films similar to those
brane films, the ground state orientations of all three methyl employed here. Whereas the low-humidity films showed the
bonds on the polyene chain of the retinal have been measured¢haracteristics of M, e.g., a deprotonated Schiff base, the
with high precision 17). The same method has also been tertiary structure differences known to occur in GuaHCI
applied to bacteriorhodopsin containing a retinal stereospe-trapped sampled4, 15) were not observable. Only at higher
cifically labeled in one of the two geminal methyl groups humidities did they appear. The authors reported that the M
(1R-[1-CDg]) of the cyclohexene ringl@®). From the orien- states trapped in D96N or in GuaHClI-treated wild-type
tational constraints provided by the3¢ NMR results and samples at high humidities were identic28); Consequently,
in conjunction with structural information from other meth- the methods of preparing the M state used in the present
ods, it was concluded that the polyene methyls point toward work (high humidity, +5 °C) most likely trapped the M
the cytoplasmic side and the Schiff base-IN bond points substate, in which the functionally important protein con-
to the extracellular sidel@). It was also found that the plane  formational changes have occurred. Further evidence for this
of the conjugated system is nearly perpendicular to the point comes from a recent solid-state NMR study, in which
membrane surface within 3@¢18), in good agreement with ~ two sequential M intermediates were observed in 0.3 M
FTIR results on the hydrogen out-of-plane vibrational modes GuaHCI at pH 10.029). lllumination at—210 or —60 °C
(19-21). led to M states with Schiff bas€N chemical shifts which

In the M state, it was shown with two-dimensional neutron differed by 7 ppm. The M state produced by illumination at
diffraction that the cyclohexene ring does not change its in- the lower temperature decayed upon warming to the second
plane position, but the Schiff base end moves approximatelyM substate, and this transition was accompanied by a
1.4 A toward the ring in the projected densit§2). This substantial protein conformational change and an increase
was interpreted as a tilt of thes€C,3 vector out of the in the K, of the Schiff baseZ9). Since we illuminated our
membrane plane. The angle between the transition dipoleGuaHClI-treated samples &6 °C, we have presumably also
moment and the membrane normal also decreases$ oy 3  prepared this “post switch” state, in which helix F is tilted
the M state 23, 24). In order to gain deeper insight into the  (14—16).



11764 Biochemistry, Vol. 38, No. 36, 1999

all-trans, 15-anti retinylidene Schiff base - bR+
5-CD3 9-CD3 13-Me

_Lys-216

2 1s-Me

13-cis, 15-syn retinylidene Schiff base - bR13.¢

Moltke et al.

Cs—CD; and G—CD; groups 81, 32), as well as the
stereospecifically labeledRL1-CD;s] group (18). Purple
membranes containing wild-type bR were isolated from
Halobacterium salinariumstrain ET1001 according to
standard procedured& 33). The point-mutated protein
D96A, in which aspartate 96 is replaced by alanine, was
expressed in a homologous halobacterial systg@d) &énd
purified in the same way. Although three different bands of
purple membranes are observed for D96A on a sucrose

5-CD 9-CD 13-Me : ; .
3 8 gradient, the entire purple membrane fraction was used.

Three milliliters of a highly concentrated suspension of
membranes was prepared by centrifugation in deuterium-
depleted water. In the case of the D96A mutant protein, the
pH of this suspension was adjusted to 12 in order to increase
the M state lifetime. The U¥visible absorption spectrum
yielded no detectable absorption change at 380 nm, thus
assuring that the chromophore did not bleach in the dark at
this high pH. The pH in the hydrated films of D96A was
clearly less than that of the membrane suspension, as
evidenced by the accelerated decay of M. Small aliquots of
100uL were spread evenly on 0.3 mm thin glass plates over
an area of 10 mm length and-8 mm width. The films were
dried slowly at 86% relative humidity, set by a saturated

_ . - KCI solution in a closed box. In the highly oriented films,
Ficure 1: Carbon atom numbering for the retinylidene chro- h b i d llel he dl f
mophore of bacteriorhodopsin. The three conformations representt e membranes were aligned parallel to the glass surface.

the three most important structures as found in purple membranes Each sample consisted of approximately 80 mg of protein
The bRy ground state (top) is the active form of bacteriorhodop- on 26—32 plates.

sin. The 13eis, 15syn(middle) conformer occurs in the dark in a After 3 days of drying at 86% relative humidity, 10@

2:1 mixture of bR3-c and bR —. In the M state, the chromophore s g . .

is 13<is, 15-anti (bottom), which distinguishes it from the bR of g 500 mM guanidine hydrochloride solution (50 m_M
form, and the Schiff base is deprotonated. For the present study,S0dium carbonate buffer at pH 9.5) was spread over the films
retinal was specifically deuterated in one of the three methyl groups of wild-type bR, which causes them to swell. The drying
indicated (CD) in order to avoid overlap ofH NMR lines. was subsequently continued for 3 more days. The GuaHCI-

treated films proved to be slightly hygroscopic, and it was
For the 2H NMR experiments presented here, three Necessary to dry the plates for about 20 min in room air
samples were prepared with retinal specifically deuterated P€fore they could be used in an experiment.
in one of the methy! groups attached to carboRs@, or At one end of the 30 mm long glass plates a small spacer
C1 (cf. Figure 1 for the nomenclature). We investigated how Was gluéd so that two of them could be put together as a
the angles between the respective-© bond and the sandwich with the purple membrane films facmg the middle
membrane normal changed in the transition from the ground@1d not touching each other. Each sandwich could be
to the M state. Since the long lifetime of the M intermediate transferred safely into and out of the stack in the round NMR
in these samples allowed a well-defined light adaptation of Sample tube without scratching the films and thereby
the sample, and since the samples could be kept in the light-d@maging them. Opening the sandwich was important,
adapted state by freezing@), we report here also for the because after 4 or 5 Qays of experiments thg §ample had to
first time on orientational changes associated with fight be rehydrated and this proved to be most efficient when the

dark adaptation. All previoudH NMR experiments on the ~ €ntiré film was exposed (see below). o
ground state used dark-adapted samples. We observed no 1rapping the M State and Light Adaptatidifumination
significant difference between tiel NMR line shapes of c_)f the GuaHCl-treated films of wild-type bR with yellow
dark- and light-adapted samples. The angles between theight showed that the M decay at room temperature was
bonds and the membrane normal are greater in M than inSlowed down to a few seconds, the same as for the D96A
the ground state, indicating an out-of-plane tilt of the retinal containing films. The lifetime was observed to further
or a substantial torsional strain. The difference is small for Increéase by a factor of about 10 atG. Since the material
the bonds on the cyclohexene ring but if@r the G—CDs on each plate had a high optl_call d.ensny,. it was necessary
group. Since the alignment of the individual purple mem- for thg plates to be bleached |nd|V|duaI_Iy in order to bring
branes on the plates is reduced by the GuaHClI treatment,them into the M state. Thus, after hydration for 12 h or more
the mosaic spread is correspondingly large and a precise and@t room temperature, the plates were taken out of the box
flexible method of analysis is required in order to reliably @nd brought to a cold room at®&. After being cooled and

determine the bond angles from the NMR line shapes. equilibrated for about 20 min, they were illuminated with
yellow light (550 nm band-pass filter) from the fiber bundle

of a 150 W cold light source (FOSTEC, New York) causing

the purple films to bleach to a bright yellow. A pair of plates
Sample Preparation The procedures for the specific was then assembled as a sandwich in the yellow light and

deuteration of retinal have been described previously for thetransferred to the 30 mm long NMR sample tube having a

13-cis, 15-anti retinylidene Schiff base - M state
5-CD3 9-CDg 13-Me

MATERIALS AND METHODS
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10 mm diameter which was lying on dry ice. During the figure, if no systematic differences appeared to exist between
transfer, the sandwich was illuminated with another fiber the individual sets.
bundle to keep the sample in the M state. Our aim was to 24 NMR Line-Shape Analysi¥he procedure of numeri-
generate the M state at temperatures above freezing to ensureally analyzing théH NMR line shapes is described in detail
that the fully functional intermediate was trapped. The freshly elsewhere8). In short, because the quadrupolar interaction
inserted sandwich was allowed to equilibrate for at least 1 depends on the angtebetween the magnetic field and the
min before the next one was transferred. Heat exchangedeuterated bond, only one pair of lines is expected for a
between the cold and newly transferred plate ensured thatsample in which all bonds make the same arfjlgith the
the latter froze quickly. After all plates were inserted, the magnetic field (for a review see ré6). Their frequency
tube was closed with a plug and kept in the dry ice box. separation (quadrupolar splitting) is given by

The strategy of light adaptation made use of the fact that
bR molecules which return thermally from the M_state have AvQ — Avgowder(3 co 6 — 1) (1)
anall-transchromophore. Thus, the plates were illuminated
at room temperature with yellow light as described above,
until they were brightly yellow without any purple traces.
They became purple after the yellow light was removed. In
addition, they were exposed to blue light which induces a
back-photoreaction from M to hjr-; (35), which also leads ) ) i ) powder
to an all-trans chromophore. Finally, the sandwich was SiNCe neither the sign akvq nor the sign ofAvg " can
inserted into the sample tube lying on dry ice as described be determined expenmendtally, two solutions are possible for
above. The time for transfer from the yellow light to the @ Splitting |Avgl = |Avg™®]. In the case of a (perfectly)
blue light and into the sample tube was less than 45 s, anduhiaxially aligned membrane sample all bonds lie on the rim
thus no 13eis chromophore could have forme8Q). The of a cone around the orientation axis whose half-angle is
long lifetime of M at room temperature allowed one to make the_an_gle between the_ bonc_i and Fhe membrane no_rmgl. At
sure that the entire sample was yellow in the first step and 0° tilt, i.e., when the orientation axis and the magnetic field
consequently that it was 100% light adapted after thermal are parallel, the anglé corresponds to the angle between
relaxation and blue light illumination. the bond and the membrane normal and can be directly

The closed box with the sample tube on dry ice was then determined from the splitting of the two observed lines. At
taken to the NMR magnet where the probe head had beer@ different sample tilt, however, the distribution of bonds
precooled to-50 °C for several hours. Within about 1 min around the magnetic field is characteristic for the cone angle
the probe head was taken out of the magnet, the sample tubénd allows one to distinguish the two solutions of ed 8, (
inserted in the horizontal solenoid, and the probe head put39):
back into the magnet. This time is critical, because during The experimental quadrupolar line shape reflects the
this procedure the probe head must be disconnected fromprobability density of all bond orientations in the sample.
the cold nitrogen supply and starts to heat up. Most Usually the sample is not perfectly uniaxially oriented, i.e.,
importantly, after each experiment of-% days duration, the individual membrane normals are not perfectly aligned
the sample tube was removed quickly from the cold probe but are distributed around the glass plate normal, and the
head and put on dry ice. The sandwiches were then takenline shape consists of inhomogeneously broadened lines. This
out and checked for color. If the plates were no longer distribution is known as the mosaic spread of the sample. In
yellow, but appeared to be darker or even of purple color, this case, an assumption must be made about the shape of
the experimental data were discarded. This occurred onlythe distribution in order to determine the bond orientation
once. After rehydration, the plates could be bleached againwith respect to the membrane normal from tHeNMR line
without problems. Thus, they were cycled for up to ten times Shape. The Monte Carlo procedure for simulating the line
and remained functional. shape allows any arbitrary distribution to be includé8, (

2H NMR SpectroscopyH NMR experiments were per-  39). Whereas in previous publications a Gaussian distribution
formed with a 7.05 T wide-bore magnet and a Bruker Was found to be sufficient to simulate thid NMR spectra

AMX300 console. The probe head with a 20 mm long and (18, 38), this was not so with the present samples. We
10 mm diameter horizontal solenoid was home built and therefore tried several other forms of disorder and obtained
cooled to—50 °C by a flow of nitrogen directed at the coil.  the best results with either a Lorentzian distribution or a sum
The deuterium signal at 46.13 MHz was recorded using Of two Gaussian distributions having an adjustable weighting
a quadrupolar echo sequence 90 7 — 90 — 7 — factor and half-width ratio.

acquire) with a 90 pulse length of 3.Jus at 1 kW power The quality of the line-shape simulation was determined
from a Henry radio amplifier and a standard eight-step phasefrom the residuals, and a simulation was considered accept-
cycle. The delay times =~ 42 us were determined with a  able if no significant deviations from the apparent noise could
powder sample of perdeuterated plexiglass. The recycle timebe detected. Since the simulation has five adjustable param-
of 200 ms did not seem to result in any appreciable saturationeters, viz., the coupling constam/g"‘”der, the intrinsic line

of the signal. The echo was digitized using 4096 points with width, the width of the mosaic spread, the sample tilt, and
a dwell time of 0.5us. In one continuous experiment, the bond orientation, it is essential to use as many experi-
400 000 echoes were recorded over 24 h. An exponentialmental data as are available in order to restrict the range of
multiplication of 2 kHz was applied to the echo decay before values as much as possible. Previoush8)( we have
Fourier transformation. Between two and eight such spectraindependently determined the coupling constant and intrin-
were subsequently added to improve the signal-to-noisesic line width from a powder-type sample and arelaxa-

WhereAva"Wder depends on the quadrupolar coupling con-
stant and equals the splitting of the two lines fo= 90°. It
has a value of approximately 40 kHz for a methyl group in
the fast motional limit which applies to our sampl&¥)(
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tion experiment, respectively. Thus, the coupling constant C_ -Me
Avg"‘”der was varied only within the interval 39 1 kHz M (>90%) state
and the intrinsic linewidth (FWHM of a Lorentzian) within
3.5+ 0.5 kHz. In a powder-type sample or in the presence
of large mosaic spreamvg"‘”derdetermines essentially the )
separation of the two prominent horns in the spectra (see S =
Results) and therefore shows little correlation with the other M (50%) state
parameters. An increase in mosaic spread changes mainly

the height of these horns in the line shape relative to the

shoulders, as the distribution of membrane normals becomes

wider and the line shape becomes reminiscent of that of a ey
powder-type sample (see Results). Consequently, the mosaic  jignt adapted
spread is also only weakly correlated with the other
parameters. It was characterized either by its Lorentzian half-
width or, in the case of two Gaussians, by their half-widths
and their integral ratio. The sample tilt angle was varied
within +£3° around the set angle to accommodate for
imperfect adjustment. It has only a minor effect on the line
shape. In the presence of substantial mosaic spread, the bond
orientation cannot be read off the line shape directly, and
varying its value affects the line shape in many ways. In
our experiments, where the bond orientations are rather close ___ . ) . i |
to the magic angle, this parameter largely determines the 8 60 40 20 0 -20 -40 -60 -80
intensity in the middle of the spectrum around the carrier frequency / kHz

frequency, because the corresponding splitting is relatively =~ M (>90%) state

small. Since the other parameters are very well defined, the
uncertainty of the bond orientation in the simulation of a
single spectrum is less thaf;5.e., choosing a value more
than 5 away from the optimal value increases the residuals
substantially. In order to increase the precision, all data sets
measured for an individual sample, including dark-adapted,

dark adapted

light-adapted, and M state spectra at all tilt angles, were & w N
simulated at the same time. In this way, parameters common . .
to all of them, i.e., the coupling constant, intrinsic line width,  s¢ 0 50
and mosaic spread, are even better defined. Moreover, the frequency / kHz

bond orientation is independent of the tilt angle, and Ficure 2: 2H NMR spectra from wild-type bacteriorhodopsin re-
consequently, the entire tilt series in one state of the samplegenerated with &-CDs-labeled retinal and treated with a guanidine
must be fitted with the same value for this parameter, again gg?;ﬁg{“tg”glee f%lgr'gt‘i-c Ifri]elfja?zhergaignfgle;e msmgg"t‘;‘fagir(’:“a' 1S
increasing the precision W't_h which this ,Va"!e is obtained. are shown for the dark- and light-adapted state and two different
As aresult, the uncertainty in the determination of the bond M experiments. In the M spectrum labeled 50%, the films were no
orientation from all spectra taken together is not larger than longer completely yellow at the end of the experiment as was the

3°. In all the figures, the spectra are scaled such that theycase with the top spectrunr §0%). Superposed on each spectrum
have the same integral. (—) is the light-adapted spectrum (gray line) and below it the

difference between the two. Each spectrum consists of about 1.6
RESULTS million acquisitions collected over 4 days. In the bottom part, the

] ) M spectrum ¢ 90%) is enlarged. For a detailed discussion see text.
°H NMR Line ShapesA set of representativeH NMR

line shapes, recorded at 8ample tilt, is shown in Figure 2  Larmor frequency) and negative in the shoulder region of
for the wild-type sample with a &£-CD; deuterated methyl  the M state spectra and are more pronounced the more M is
group. The figure illustrates the changes in the line shapesformed (compare the spectra labeled 50% al®d%). One

for several preparations: the dark-adapted sample, the light-can thus conclude that the bond orientation changes in the
adapted sample, and two M preparations. The spectrum la-transition from the ground state to the M state. The-C
beled M (50%) state is from an experiment at the end of methyl group is known to make an angle of about 4@th
which the films were no longer completely yellow, but of respect to the membrane normal in the ground stafg (

an intermediate darker color, and thus no longer entirely in Since the intensity shifts toward the carrier frequency (0 kHz)
M. Superimposed on each spectrum in the figure is the spec-in the M state (positive difference in the middle), we con-
trum of the light-adapted sample (gray lines). Below each clude from eq 1 that only an increase of the angle between
spectrum in Figure 2, the difference with respect to the light- bond and magnetic field to more than°4an cause a smaller
adapted sample is indicated. Almost no systematic deviationquadrupolar splitting in the M state. To determine the bond
from the noise is observed for the dark-adapted state (spec-angles numerically, a detailed analysis of the line shapes is
trum labeled “dark adapted” of Figure 2), but very clear dif- required.

ferences are discernible for the M state experiments. The In previous publicationsl(7, 18), the?H NMR spectra at
differences are positive near the spectral center (carrier or0° sample tilt consisted of two broad lines whose splitting
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Cy - Me spread is the same for the ground and M states, and the latter

M (>90%) state: 47.5° are caused by a change in the distributiondpfwhen the
sample is tilted. From the fact that the separation of the horns
in our spectra is independent of the sample state and
inclination, we conclude that there are always some bonds,
which are oriented at right angles with respect to the
magnetic field. This is due to the large mosaic spread. On
the other hand, the samples are not isotropically disordered,
because the line shapes as a whole do exhibit differences
depending on the protein state or plate tilt. Still, the bond
angle with respect to the membrane normal cannot be read
15° off from the main peak separation in the spectra®admple
tilt, as was possible in previous workk{, 18). The reason
is that rehydration of the oriented membrane films with a
concentrated solution of GuaHCI, necessary to prolong the
M lifetime, leads to an appreciable increase in the mosaic
o° spread. A numerical simulation of the line shape is thus
essential and does not merely represent a refinement of the
directly determined value.
An important element of this simulation is the distribution
of membrane normals with respect to the glass plate normal
— 0° (mosaic spread). In previous experiments on the ground state
of bR, a Gaussian distribution was shown to be adequate
(17, 18). For the line shapes in Figures 2 and 3 this proved
to be insufficient for an acceptable simulation, mainly
because the shoulders were not reproduced unless the
o Gaussian half-width was increasedite 35°, but even then
8'0 6*0 4'0 2'0 (') _2(') _4(') _6(') _8(‘) the fit of Fhe experimental _data_wa_ls poor. Iqstead, elther a
superposition of two Gaussian distributions with a half-width
frequency / kHz ) . C
ratio of about 4 or a Lorentzian distribution gave good results.
FiGURE 3: ?H NMR spectra at—50 °C (), their line-shape |5 poth cases, the feet of the distribution are wider with

simulations (- - -) and residuals- for the G—CDs-labeled wild- . .
type bacteriorhodopsin sample of Figure 2. The angle for the bond respect to the central part than for a single Gaussian. A

orientation is 40.5in bRy —; and 47.8 in M. The sample tilt angles !—0rent2ian mosaic Spr?ad can, as an approximatiqn,_ be
are indicated to the right of each spectrum. The other fit parametersinterpreted as representing a continuum of Gaussian distribu-

are AvP™"%" = 392 kHz, line broadening 3.9 kHz (Lorentzian tions with increasing half-widths. Such a superposition may
FWHM), and a mosaic spread of 2{Lorentzian FWHM). The  in fact be expected, because the films are not entirely
simulated spectra are corrected for the finite pulse leng@h ( homogeneous, and the stacking order of the purple mem-
corresponded approximately to the average afiglecording branes will vary from the upper layers (largest disorder) to
to eq 1 (cf. bottom spectrum of Figure 5). The samples usedthe bottom layers near the glass surface. This is especially
in those studies were not exposed to the GuaHCI treatmenttrue in the case of the GuaHCl-treated films. It should be
required in this work, which leads to a decrease in the noted that, strictly speaking, the mosaic spread determined
orientational order of the membranes in the films. In Figure from 2H NMR need not be identical to that found in

2, the two horns have the same separation, viz., ca. 40 kHz diffraction experiments. The reason for this is that?kh

for all spectra. It depends neither on the state of the proteinNMR the spectral line shape is a linear sum of the
(dark adapted, light adapted, or M) nor on the tilt angle (cf. contributions from all deuterium atoms in the sample,
Figure 3). The explanation for this difference in the line whereas in crystallography periodicity of the unit cell
shapes lies in a significantly larger mosaic spread (disorder)arrangement is a prerequisite and only those portions
than in the previous experiments. In the case of an isotropic contribute which are ordered in a lattice. The diffracted
distribution of bond angles (powder-type sample), the intensity then depends quadratically on the number of unit
resulting Pake pattern of the line shape also displays two cells in a two-dimensional lattice. Therefore, if the disorder
prominent horns separated h;n/g"‘”de' and shoulders at inthe sample is caused by the breaking up of periodic arrays
each side of the spectrum, reminiscent of the line shapes inof unit cells, the mosaic spread measured with the two
Figure 2. The horns of the Pake pattern are due to the factmethods will be different.

that the polar angle8 are weighted with sirf leading to Cy—CDs Labeled Retinal As described above, oriented
the integrable singularities & = 90°. For a powder-type  films of wild-type bR regenerated with €CDs-labeled
sample, however, the line shapes are independent of the bondetinal were treated with GuaHCI to prolong the lifetime of
orientation with respect to the membrane normal and also M. Figure 2 shows théH NMR spectra and their differences
independent of the sample tilt. This is clearly not the case versus the data measured with the light-adapted sample.
here, because there are systematic differences between th&hese differences were discussed qualitatively above. The
light-adapted and M state spectra (Figure 2), as well as thesimulations (- - -) of the line shapes in Figure 3 show that
M state spectra at various tilt angles (Figure 3). The former in each case a very good fit was achieved with only randomly
are due to a change in bond orientation, because the mosaidluctuating residuals. Moreover, the simulations confirm our

M (>90%) state: 47.5°

Fo VRN
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interpretation that the £-CD; bond angle with respect to C.-Me
the membrane normal is greater in the M state than in the M state: 38.8°
ground state. It increases from 40.i the light-adapted
ground state to 47%5in the M state. Also, the tilt angle
dependence of theH NMR line shape in the M state is
reproduced very well (Figure 3) and proves that the sample
is not isotropically disordered. The best fits were achieved
with a Lorentzian distribution for the mosaic spread with a
FWHM = 27°. In comparison, the hydrated films not treated
with GuaHCI used in earlier experiments/( 18) showed a
Gaussian distributed mosaic spread with a FWHM of about e
19° (o = 8°). Due to the relatively large degree of disorder light adapted: 36°
of the GuaHClI-treated films, the line shapes are not as AN
sensitive to the bond angle as in untreated samples. However,

the error for the difference between the ground and M state _.
values is not directly related to this insensitivity, because an T~
increase of the bond angle, for example, can be distinguished ight adapted: 36°
without ambiguity from a decrease. We have varied the bond
angle values for simulations with the same mosaic spread,
coupling constanTAva"Wde’, and intrinsic line broadening
and have determined the quality of the fits by inspecting the ditterence M - light adapted
residuals. We find that the values of the angles are
undetermined within at3° interval, but the error for the
difference between the ground and M state values is not  ___
larger, and possibly smaller, because the sign of the change |, N . ; ) A ,
in angle can be determined unambiguously from the line 60 40 20 0 -20 -40 -60
shape (see below). frequency / kHz

The ground state value for they€CD; bond orientation ~ FIGURE 4: 2H NMR spectra at-50 °C (—) with simulation (- - -)
of 40.5 is in excellent agreement with an earlier value of and residuals for the &CDs-labeled D96A sample (upper four

. . . ... spectra). In the bottom spectrum, the difference between the M
40° determined with a better oriented sample not treated with 10" ) and the light-adapted spectrum (- - -) demonstrates the

GuaHCI (7). This shows that the addition of GuaHCI does  existence of a systematic change in the line shape having features
not affect the bond orientation. More importantly, it proves similar to those observed for the;€CD; group (Figure 2). The
that the line-shape simulation allows one to extract the correct‘?‘”g:e for t??hg_CDs b?”d oruentfthnogtﬁ)tggaed frorg taréegngml\t/lencal

: . nalysis of the upper four spectra is I-tan .8in M.
apgle eyen N th% presence of a large mosaic Spread.'Théhe sample tilt angles are given to the right of each spectrum. The
simulation of the’H NMR spectra measured at three tilt g parameters aré\y2"%" = 38.2 kHz, line broadening 3.7 kHz
angles demonstrates that the angle in M is not the alternative(_orentzian FWHM): and a mosaic spread with two Gaussian
solution of eq 1 (ca. 63, but indeed the smaller one of 47,5  distributions of widths 9.4° and 42.3, respectively, and an integral
because the line shapes are clearly different for the two ratio of 2:1. The simulated spectra are corrected for the finite pulse

solutions despite the large mosaic spread (simulations not'€ngth 60).

shown) (8, 38). Also, the simultaneous line-shape simulation  previous experiment26) our signal-to-noise ratio is much

of all five spectra in Figure 3 with a fixed common set of inproved. Moreover, we did not symmetrize the spectra as
parameters except the bond angle increases the precision witiyas done in ref25, because this may lead to severe
which the bond orientation is determined. In earlier work (istortions especially in noisy spectra.

(25), the angle for the €&-CDs bond orientation in the M Cs—CD; Labeled Retinalln this case, purple membranes
state was reported to be 442°, but due to the fact thatthe  containing the D96A mutant of bR were regenerated with
probe head had to be brought to room temperature beforethe G—CDs deuterated retinal. The signal from this sample
the sample could be inspected, these authors were unable tQFigure 4) was weaker than those from the other samples,
prove that their sample was still in the M state after and the spectra consequently are noisier. At the bottom of
completion of the experiments. As described in Materials Figure 4, the difference between the ground and M state
and Methods, we have quickly removed the sample from spectra shows the same signature as in the case ofsthe C
the cold probe head after completing the data acquisition CD; bond: a small positive difference in the middle of the
and have confirmed for all experiments that the films were spectrum and a negative one in the shoulder region. The
still yellow. The results of one experiment, at the end of simulations confirm the small increase of the bond angle from
which the sample had a darker color, are included in Figures 36° in bRy_; to 38.8 in M. This difference is close to the

2 and 3 (labeled 50% M). Its line shape was simulated by a error of 3 given above for the absolute angles. On the other
superposition of the pure ground and M state spectra (with hand, the difference in the data unambiguously demonstrates
bond angles of 40%and 47.8, respectively), and only the  that the bond tilts away from the membrane normal, i.e.,
ratio of the two was varied. The best mixture was found to that the angle increases. Thus, it may be concluded that the
be about 1:1, in good agreement with the visual impression. error for the change in angle is clearly less th&nl8 the

The importance of the visual control at the end of the case of the mutant protein, the mosaic spread described by
experiment cannot be overemphasized. Compared to thetwo superposed Gaussian distributions gives better results

tilt

light adapted: 36°

- 30°

= 0°

P o°
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C, - 1R-[1-Me]

suffers from the application of the GuaHCI solution, which
results in a swelling of the films particularly near the surface.
Whereas the bond angle could be read off fairly accurately
from the O tilt spectrum before the GuaHCI treatment (the
peak separation of ca. 26 kHz corresponds to a bond angle
of either 42 or 71°, depending on the sign of the splitting),

/ this is impossible for théH NMR spectra of bR treated with
GuaHCI in Figure 5. Due to the increased mosaic spread,
the prominent horns now correspond to thé 8fientation

of the bond with respect to the magnetic field. However,
the bond orientation determined from the line-shape simula-
tion for the dark-adapted state in the presence of GuaHCI
(69°) agrees very well with our previous results of 688
20°C and 68.8 at —50 °C in the absence of GuaHCL¥).

This illustrates, again, the importance and reliability of the
line-shape simulations. Interestingly, only in this sample was
a slight difference of the bond orientation in the light- and
dark-adapted states observed (second and third spectra from
the bottom in Figure 5), viz., 69n the dark-adapted mixture

of bR;3—c and bRy—; and 70.5 in bRy —t. This may indicate

a change in the angle of the ring plane rather than a change
in the chain tilt, because theRy1-CD;] bond is more
sensitive to the plane tilt than a rotation around the ring plane
normal. Between bR-; and the M state, the change amounts
to 2.5, i.e., from 70.8 to 73 in M. Again, the tilt series
demonstrates that the bond orientation i§ a8d not the
smaller angle solution of eq 1.

DISCUSSION

The retinylidene chromophore of bacteriorhodopsin con-
stitutes the antenna for the energy input, and its Schiff base
serves as the proton source of this light-driven ion transporter.
The M intermediate plays a key role in the photocycle,
because the first major charge translocation is associated with
its formation. During the lifetime of the M state, the proton
accessibility of the Schiff base changes presumably from the
extracellular to the cytoplasmic side, and this switch is
essential for the vectoriality of transpo#Q). In the present

M state: 73°

tiit
90°

M state: 73°

45°
M state: 73°

0°

light adapted: 70.5°

00
dark adapted: 69°

0°

[ 1 1 1 1

80 60 40 20 0 -20 -40 -60 -80
FIGURE 5: 2H NMR spectra at-50 °C (—) from the R-[1-CD3]-
labeled wild-type sample of bacteriorhodopsin treated with GuaHCI

together with their line-shape simulations (- - -) and residuals. The - ! -
bottom spectrum was recorded &60 °C before the fim was  work, the chromophore orientation with respect to the

treated with GuaHCI. After the GuaHCI solution was applied, the membrane normal was investigated with deuterium solid-
mosaic spread increased substantially (upper five spectra). The anglejtagte NMR. Three differently?H-labeled retinals were

for the bond orientation is 89n the dark-adapted mixture of BiR. . : :
and bRy, 70.5 for bRy 1+, and 73 in M. The sample tilt angles incorporated into wild-type bR or the D96A mutant. The M

are indicated to the right of each spectrum. The values of the fit intermediate as well as the light-adapted ground state were
parameters ardw2™ = 30,05 kHz, line broadening 3.2 kHz  CTYotrapped, and the angle between the three methyl bonds
(Lorentzian FWH%/I), and a mosaic spread of°2@dorentzian Cy—CDs3, Cs—CDs;, and R-[1-CD;] (see Figure 1) and the
FWHM). The simulated spectra are corrected for the finite pulse membrane normal were measured in the two states. In a
length G0). previous study, we showed that experiments performed at
than a Lorentzian distribution, although the improvement is —50 °C, i.e., the condition necessary to trap the M state for

only marginal. This could be interpreted as being indicative the duration of an NMR experiment, give the same results

of different purple membrane populations in the sample.
1R-[1-CDj]-Labeled Retinal In a previous study, we

investigated bR containing retinal stereospecifically labeled

in one of the two geminal methyl groups on carbona®

the cyclohexene ring in the absence of GuaH®) (Figure

5 illustrates how much the line shape &t €ample tilt

as those performed at room temperatut8).( Apparently,
freezing does not change the chromophore structure in the
binding pocket, which is only an assumption in the case of
electron cryomicroscopy. At the same time, great care was
taken to generate the M state above’®, because the
mobility of water molecules may play a role in its formation.

changes due to the GuaHCI-induced increase in mosaicOnly after the sample was brought into the M form did we
spread. The bottom spectrum of Figure 5 shows the line lower the temperature. Thus, the results of the present study
shape at © sample tilt before the GuaHCI solution was are relevant for elucidating the pumping mechanism and
applied to the films. After the treatment, the line shape is understanding the cofacteprotein interaction. As discussed
very different, although conditions are otherwise identical in the introduction, under the conditions of our experiments
(Figure 5, spectrum labeled “dark adapted:°"$9 This the M intermediate was most likely trapped in a substate in
clearly demonstrates how the quality of orientational order which the major protein conformational change has occurred.
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A thorough numerical analysis of Bl NMR line shapes membrane
was required to determine the angle of the deuterated methyl
bond with respect to the membrane normal. The values in
the dark-adapted ground state are in excellent agreement with
previously published resultsl?, 18) for all three methyl
groups investigated. In rdf7 values of 40 for the G—CDs
bond and 37for the G—CD3; bond were obtained compared
to 40.5 and 36, respectively, in the present study. In the
case of the R-[1-CDs] bond, we have previously reported
(18) a value of 68.7, identical to the 69 value measured  Fgure6: Retinal orientation in the light-adapteali¢trans, white
here for the GuaHClI-treated sample. This excellent agree-atoms) and the M state (13s, shaded atoms) of bacteriorhodopsin
ment proves that our line-shape analysis is reliable even inobtained from®H NMR constraints for the £-CD; and R-[1-
the presence of considerable mosaic spread. In addition, thes&Pal bonds. The retinal structure is based on the geometry f sp

L and sp hybridized orbitals. The £carbon and the Schiff base
results show convincingly that the GuaHCI treatment does nitrogen are connected by a line in each state. TheNCvector

not affect the chromophore orientation. characterizes the molecular long axis and is close to the optical
Only with the IR-[1-CDs]-labeled retinal did we find any  transition dipole moment in thall-transconformer. Its inclination

difference between the dark-adapted bR preparation, Wh|ChW|th respect to the membrane normal is designated by the angle

; ; ) ; op and has a value of 74in the ground state and 79n the M
contains a mixture adll-transand 13¢is chromophores, and intermediate. Note that this change is largely due to the isomer-

the purelyall-translight-adapted state biR+. The difference  jzation. In this figure, the €atom was assumed to have the same
is minor (1.5) and may mainly reflect a change in the ring coordinates in both states.

plane tilt. The angles in the M state differ much more from

the corresponding values for BR;. The largest difference  also show that the polyene plain is almost perpendicular to
is seen in the &-CD; position, where the bond orientation the membrane plane. Subtracting 9ftom the 5 change
changes by 7 The G—CDs; bond changes by only 2.&nd of the G—N orientation found in our calculations leads to
the 1R-[1-CDs] bond by 2.8. All angles with respect to the  the conclusion that the <= C;3 segment moves out of the
membrane normal increase compared to the ground statemembrane plane by-45°, in reasonable agreement with the
Since the plane of the conjugated system is nearly perpen-neutron diffraction data. Figure 6 illustrates the proposed
dicular to the membrane surface within°3Both in the initial structural change in M.

state and in M 19, 41), the changes of the methyl bond Results from linear dichroism spectroscopy indicate that
orientations on the polyene chain may be explained by a tilt the chromophore transition dipole moment changes its
of the retinal around the normal to the cyclohexene ring direction with respect to the membrane normal in M by only
plane. If the conjugated system were planar and not twisted,a very small amount23, 24, 42, 43). The most sensitive
the different changes in thes€CD; and G—CD; orienta- measurements find that the transition dipole moment orienta-
tions would indicate a different bending of the chain in the tion tilts out of the membrane plane by-2° (23, 24, 42).

M state compared to the ground state. On the other hand,Whereas the transition dipole moment coincides in a good
torsional strain and twists of the polyene chain may also be approximation with the &-N vector ofall-transretinal @4),

an explanation for the changes in bond orientation. similar information is not available for the M state t&
Comparison with Results from Other Metho@sair results chromophore with a deprotonated Schiff base. Since it is
on the change in orientation of the-€ Cs—, and G—methyl not known how the M transition dipole moment is fixed in

bonds in M are unique, and no comparable information has the chromophore molecular frame, a meaningful comparison
been obtained by any other structural mett#tINMR with with the NMR results is not possible.
oriented proteins containing specifically deuterated cofactors In a planar, linear polyene chain, the molecular axis C
is clearly able to provide valuable and accurate local Ci; tilts uniformly, and the change in bond orientation is
structural information. the same for the £-CD; and G—CDj3 groups. Experimen-
On the basis of the reorientation of the two methyl groups tally, the orientation change at position 18 4° larger than
of the S-ionone ring and a simplified, planar geometry of at Gs. Thus, it is reasonable to hypothesize that the CD;
the retinal, we calculate that in M the;€N vector tilts into group interacts sterically with the protein and is bent with
the plane of the membrane by abodtés shown in Figure  respect to the polyene chain or that the polyene chain from
6 (for the method see ret8). This reorientation of the  Csto C;3does not simply tilt upon isomerization but becomes
polyene chain may be compared with results from neutron bent or twisted in a different way than in the ground state.
diffraction and polarized absorption spectroscopy. The transition dipole moment may be tilted away from the
Neutron diffraction experiments with specifically deuter- membrane plane as a consequence. The upward movement
ated retinals have demonstrated that, in the projection ontoof the G—Cy (—Cy3) chain segment after photoexcitation
the membrane plane, the position of the cyclohexene ring may cause structural changes in the protein which eventually
does not change from QR to M but that the Schiff base lead to deprotonation of the Schiff base. In the absence of
end moves 1.4t 0.9 A toward the ringZ2). The authors  such interactions between retinal and the protein, even the
concluded that the £-C,3 vector tilts away from the  13-cis conformer retains its protonated Schiff base.

membrane plane by 1# 6° (22). Assuming that the Linear dichroism has also been used to detect possible
conjugated system is planar, the angle between theNC changes of the transition dipole moment in lighiark
and the G—Cy3 vector in the 13isform is about 9.5. This adaptation. In this case, no deprotonation of the Schiff base

assumption of a planar chain is supported by polarized FTIR occurs, and it seems reasonable to assume that in both
(19) and polarized resonance Raman experimetis which isomers the transition dipole moment has approximately the
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was obtained from FTIR and flash spectroscopy measure-
ments with tryptophan mutants and with the 9-desmethyl
retinal analogue9—11). Removal of the g-methyl group
or replacement of the bulky indole side chain of tryptophan
S 182 by phenylalanine had the same effect, and both led to a
b drastic increase in the lifetime of the N intermediate (250-
fold). A steric interaction between the-€methyl group and
W182 seems to be essential for the cd8-to all-trans
reisomerization of the chromophorelQj. Whereas all
previous experiments suggesting such an interacfieri {,
13) used spectroscopic methods in conjunction with mutants
and retinal analogues, our result of’arcrease in orientation
of the G—CDs bond in M was obtained with wild type and
provides direct structural evidence for movement of this
methyl group toward W182. In the related retinal protein
K g A rhodopsin, the g-methyl group also plays a crucial
-~ N g \\W h functional role in the coupling between the cofactor and

) ) o . apoprotein. It provides the structural anchor for the correct
Ficure 7: Side view of the retinylidene chromophore of bacteri-

orhodopsin in its binding pocket. The atomic coordinates were taken QOck|ng of the chromophore in its binding si7]. Steric

from the ground state structure determined with electron cryomi- Intéraction of this methyl group with helix C in the vicinity
croscopy 12). The backbone is shown in gray. The structure of Of glycine 121 seems essential for activatiofB)( and

the chromophore, lysine 216, as well as tryptophan 182 are drawnremoval of this methyl group leads to a strong reduction of
in black, and the van der Waals spheres around the carbon atomgransducin activation4@).

are indicated. The spheres around the methyl group carbons are : . P
increased in order to take into account the missing hydrogen atoms. .Th_e changed '”t‘?rac“or.‘ Of. the .Chromophorg W'th. Its
Note that the G-methyl group is in close proximity to the indole  Pinding pocket after isomerization drives the inactive retinal

ring of tryptophan 182 and may interact with it sterically when the protein into an activated state (M state of bR or metarhodop-
polyene chain moves up in M after thell-trans to 13<is sin 11) in which proton transport or molecular recognition
Isomerization. by a G protein in the case of rhodopsin can occur. Not only
direction of the G—N vector @4). No significant differences  do the two moieties mutually influence their physical
were observed in the linear dichroism spectra of light- and properties, e.g., the opsin shift in the absorption spectrum
dark-adapted oriented purple membrari 45), indicating of retinal bound to bR or rhodopsin, but their steric
that no change in transition dipole moment orientation with interaction triggers and controls protein function. In the
respect to the orientational axis occurs. These results are confuture, it will be interesting to determine the orientation of
sistent with ouH NMR experiments, in which no significant  individual chromophore methyl bonds in earlier intermediates
reorientations of individual methyl bonds were detected.  of the photocycle of bR, because it is not yet clear what
Possible Interaction of the Chromophoreg-€Methyl constitutes the molecular basis of the switch in bR, where
Group with W182 in MThe relatively large angular change the proton accessibility of the Schiff base changes from the
of the G—CDs bond may be due to torsional strain or to an extracellular to the cytoplasmic sidéq.
orientational change of thes€C;3 portion of the polyene Although ground state structures determined by crystal-
chain toward the cytoplasmic side of the membrane. In either lographic methods offer valuable insights and can inspire
case, changes in steric contacts with the binding pocket arenew ideas 12, 46), only with knowledge of the structural
expected, and these could serve as the steric trigger forproperties of intermediate states can a complete understand-
structural changes in the protein. In the dark-adapted stateing of the intricacies of macromolecular function be achieved.
of bR, the planar indole ring of tryptophan 182 is in close In this respect, théH NMR method used in this study offers
proximity to and just above theg€methyl group 12, 13), considerable promise. It focuses on the local orientational
as shown in Figure 7. According to the latest three- change of the specifically deuterated cofactor. In many
dimensional X-ray structure, the distance between thie C  systems, the cofactors can be exchanged by deuterated
methyl group and the indole nitrogen of tryptophan 182 in analogues. In photoreceptors such as rhodopsin, phyto-
the dark is only 3.9 A46). Upward movement of this methyl  chrome, or the photoactive yellow protein, light-induced
group in M will thus be obstructed by the indole group, and isomerization of the chromophoric cofactors occurs with
this steric interaction may lead to the observed tilt of helix associated chromophore reorientation. Moreover, the cofac-
F to which W182 is attached 6). Proline 186 was suggested tors are often the sites of enzymatic action and therefore of
to act as the hinge for this outward movement of the particular interest. Using this isomorphic labeling strategy,
cytoplasmic half of helix F in M 16). This suggestion was  orientational changes of individual methyl bonds may be
supported by the very high temperature factors for the detected with high accuracy in the trapped intermediates of
backbone of helix F between the kink at P186 and the the functional cycle.
cytoplasmic surfacel@). Since tryptophan 182 is located
between the putative hinge position and the cytoplasmic loop ACKNOWLEDGMENT
domain, it is indeed in an appropriate position to serve in
the coupling between chromophore and helix movement. We are greatly indebted to Constantin Job for outstanding
Strong indirect evidence for a steric interaction between the support in all technical aspects of the NMR experiments.
Co—methyl group and W182 in the course of the photocycle Alexander Nevzorov not only provided valuable mathemati-
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