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ABSTRACT: In recent years, structural information about bacteriorhodopsin has grown substantially with
the publication of several crystal structures. However, precise measurements of the chromophore
conformation in the various photocycle states are still lacking. This information is critical because twists
about the chromophore backbone chain can influence the Schiff base nitrogen position, orientation, and
proton affinity. Here, we focus on the C£15 bond, using solid-state nuclear magnetic resonance
spectroscopy to measure the-B14—C15-H dihedral angle. In the resting state @ we obtain an

angle of 164+ 4°, indicating a 18 distortion from a planar aliranschromophore. The dihedral angle is

found to decrease to 14 10° in the early M intermediate (jj and to 150+ 4° in the late M intermediate

(Mp). These results demonstrate changes in the chromophore conformation undetected by recent X-ray
diffraction studies.

Bacteriorhodopsin (bR)he sole protein component of 18 19 20 FEEEEE
purple membrane, utilizes light energy to create a proton
gradient across the cell membrand-bfsalinarum Absorp-
tion of a photon by the protonated retinylidene chromophore
(Figure 1) initiates a cycle in which the Schiff base (SB)
releases a proton to Asp85 on the extracellular side of the
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Discussions of the required change in SB connectivity have by the interacting nuclei. Methods have been proposed for
emphasized the distinction between a chromophore-basedlihedral angle determination via dipeldipole correlation
switch and a protein-based switch. In the former, a confor- in NCCN 25, 26§, HCCH (27), HNCH (28), and HNNH
mational change in the chromophore moves the SB relative (29) moieties. This approach provides local structural
to functional groups in the proteid). In the latter, a protein ~ constraints in biological macromolecules with a precision
conformational change rearranges critical functional groups far surpassing X-ray diffraction methods. Dipeldipole
around the SBZ). It is important to note that, despite photon- correlations have been utilized for dihedral angle determi-
induced isomerization of the chromophore fromteadinsto nation in carbohydrates3(), peptides 25, 26, 29, 31, 3R
13<cis at the start of the photocycle, the SB remains and proteins 33—35).
connected to the extracellular side of the protein until the  Application of this approach to the bonds near the SB in
SB becomes deprotonated. This sugge3tsl that during bR can provide a detailed assessment of the role of
the first half of the photocycle the protonated SB is restrained chromophore twist in the connectivity of the ion pump. Here,
by electrostatic interactions in the active site and that the we focus on the controversial C+£€15 bond, measuring
connectivity to the extracellular side of the protein is the HCCH dihedral angle in the resting chromophore (where
sustained at the expense of distortions of the chromophore the SB is protonated), in the early M photocycle intermediate
Such distortions are plausible given the energy that the (where the SB has just lost its proton), and in the late M
photon deposits in the chromophore. In fact, FTH §nd photocycle intermediate (where the SB is on the verge of
CD (6, 7) measurements indicate a nonplanar chromophoreregaining a proton). In the resting state &R we find a
already in the resting state. However, intense hydrogen-out-somewhat distorted chromophore with a dihedral angle of
of-plane bending modes indicate an increasing amount of |¢| = 164 + 4°. The distortion increases tg| = 147 +
retinal distortion during the first half of the photocycle 10° in the early M state (M) and is essentially the same at
particularly in the vicinity of C15%, 8-11). These optical || = 150 & 4° in the late M state (M.
results have been largely qualitative and have not been
confirmed by X-ray diffraction structuresl?—19), which
typically model a planar chromophore structure. (While some
small variation of the chromophore from perfect planarity
exists in several X-ray structures, comparison of the numer-
ous bRgg structures indicates that the dihedral angle of any
particular bond is distributed almost uniformly about 130

Early discussions of chromophore twist focused on the
single bond closest to the SB. Theoretical calculations
suggested that ais C14—C15 bond might be responsible
for maintaining the connection of the SB with the extracel-
lular side of the protein during the first half of the photocycle
(1). However, resonance Raman results did not support the
presence of a fullycis C14—C15 conformation Z0, 2J).
Meanwhile, other spectroscopic results have suggested tha
double bonds near the SB might be more important. In
particular, the intensity of the Ct3H out-of-plane wag was

EXPERIMENTAL PROCEDURES

Preparation of Diammonium [2;23C,]Fumarate. Di-
sodium [2,2-13C,)fumarate (Isotec, Miamisburg, OH) was
dissolved in water and reacted with an excess of hydrochloric
acid. The resulting [2,2°C,]fumaric acid precipitate was
rinsed with ice-cold water to remove the sodium chloride.
An excess of ammonium hydroxide was added to the fumaric
acid to yield diammonium [2,2%C,]fumarate.

bR Sample Preparatio®M fragments were isolated from
H. salinarumaccording to the conventional proceduBg)(
Synthesis of doubly3C-labeled retinal, enriched to 99%,

as performed according to procedures described elsewhere
37). Incorporation of the [14,1%3C;]retinal was accom-
plished by bleaching the sample in 0.5 M hydroxylamine
taken as a possible indication of twist around tlkeNCbond and subse_:quent reggneration Of the apoprotein with the
(22). More recently, NMR results have suggested that one labeled retinal as previously describad) Reggnerat_ed PM

fragments (40 mg) were washed several times in 0.3 M

or more double bonds near the SB are strained in the earlyguanidine buffer at pH 10.0. Centrifugation of the suspension
photocycle and relax while the SB is deprotona28, @4. at a maximum of 43262for 60 min produced a pellet that

The latter timing is consistent with a role in switching the :
was packed into a transparent 5 mm quartz rotor.

connectivity of the SBY, 4). . .
Solid-state NMR methods permit quantitative measure- Accumulation of bRs PM samples were light-adapted
P q by illumination in situ for 2 h with the full visible

ments of specific dihedral angles through the correlation of spectrum of a 1000 W xenon lamp af@.

anisotropic interactions. Dipolar couplings are particularl . ;

convenignt for determining Igcal geompetry?, as dipF())Iar tenso¥s Accumulatlo? of M .A sa}mple n the bR state was
are oriented along internuclear axes. Correlation of a pair of cooled to—60 °C _and illuminated in situ for .12 h with
dipolar interactions yields spectra that depend not only on Iong-wz_avelength light from a Xenon lamp using a 550 nm
the size but also on the relative orientation of the couplings, cutoft filter.

thereby providing a measure of the dihedral angle defined Accumulation of M A sample in the bRs state was
cooled to—20 °C and illuminated in situ witd > 550 nm

! Abbreviafi bR bacteriorhodonsin: NMR | ~light from a Xenon lamp for £2 h.
reviations: bR, bacteriorhodopsin; , nuclear magnetic L -
resonance; FTIR, Fourier transform infrared; rf, radio frequency; CD, Solid-State NMR Spectroscoplihedral angles were

circular dichroism; MCD, magnetic circular dichroism; ORD, optical Measured using the HCCH pulse sequence depicted in Figure
rotation dispersion; PM, purple membrane; CP, cross-polarization; CW, 2. Following rampedH—13C cross-polarization3@), the 90
continuous wave; TPPM, two-pulse phase modulation; DQ, double itudi iz ati _

guantum; SB, Schiff base; BR, sole component of light-adapted bR EUIse clr_eates" Iongltuddlna! n:ja%netlzatlon' Low p?.wetr. CV\t/
and the photon receptor for the proton-motive photocycleaihtl M,, ecoupling E} ows undesired lransverse .magne'lza lon 1o
photocycle intermediates with a deprotonated Schiff base, the latter adephase during the subsequent rotor period (z-filter). Ap-
thermal relaxation product of the formeg?, reduced chi-square. plication of the CMR7 sequencd() generate$°C—C DQ
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90° MREVS evolution of the spin system in the dipolar dephasing period:

H ] | ow lIlIIIIlIHII ow | | em | a(t;) = i’ [wpqTpgl [0S W, (t)D (1)
- : ’

90° 4 90
13 . .
c —cp | [CMR7 | [CMR7] hﬂnh Here the angle brackets denote signal averaging over all
e VV"" possible molecular orientations, the sine term accounts for
Y —_ the anisotropic DQ excitation, and the cosine terms describe

t

the heteronuclear dipolar dephasing during The DQ
FiIGURE 2: Pulse sequence for the HCCH dihedral angle experiment. €xcitation time is denotednq, andwnq is the orientation-
dependent scaleédC—3C dipolar coupling. For a particular

time-dependent dipolar coupling the accumulated phase
coherence between labelédC14 and *°C15. The DQ (1) s

coherence evolves for a total of one rotor periadwhich
ensures no net evolution under the anisotropic part of the _[u

chemical shift. Centering the carrier between the coupled i) = fo ey () i (2)
13C frequencies results in zero isotropic chemical shift
evolution of the DQ coherence. This rotor period is divided
into two periods of variable length. During the initial
period, the semi-windowless MREV-8 sequendd, (42
removestH—'H interactions, while retaining scaléd—3C
heteronuclear couplings. CW decoupling is applied for the
remainder of the rotor cycle, which prevents evolution under
the *H—3C couplings. The value df is incremented from

0 toz in integral steps of the MREV-8 sequence cycle time,

where « is the scaling factor of the MREV-8 sequence.
Expressions for the instantaneous dipolar couptingwhich
depends on the inverse cube of thelkCinternuclear distance
and the orientation of the coupling in the magnetic field,
have been described in detail elsewh&& @8. The relative
orientation (to be interpreted in terms of dihedral and bond
angles) is encoded in the product of cosines, producing
distinctive patterns in the indirect dimension. Isotropic

for a total of 9 steps. Phase cycling of the CMR7 reconver- chemical shift evolution of the DQ coherence is neglected
] in this treatment as the sum chemical shift vanishes when

sion step 43) selects only magnetization passing through a e .
DQ state and removes all signals from the natural—abundance:he _carLler IS clenr']t_e;trtted bet\élveentthet recoulpled peaks. Aniso-
13C background. Following an additional z-filter period, a ropic chemical shilt terms do not enter eq 1 as a consequence

90° pulse prepares transverse magnetization detectable durin f the.ch0|ce_ of one rotor period, for the constant time
t. volution period.

Al . ¢ d usi buil Four'H—13C dipolar interactions (the interactions between
experiments were performed using a custom-bullt ¢ |apejed3C nuclei and the two protons bound to them)
spectrometer operating at'dl frequency of 317.274 MHz.

L . ... were modeled in the simulations. Relaxation in the indirect
The custom-built triple resonance probe was equipped with

5 ch tics (Fort Collins. CO) soinni aul dimension due to insufficient decoupling #i—H inter-
a»> mm Lhemagnetics (Fort Collins, ) spinning module, actions was modeled as monoexponential decay. This simple
and sample rotation rates were regulated at 5813 Hz.

: N K model of relaxation, as well as the first-order approximation
Pro_tem sample temperatures were mamtamedr_m) c represented by eq 1, was justified (vide infra) by comparison
during all NMR experiments to ensure the stability of the to full numerical simulations employing the parameters
prepareq protein states. Protpn fields were 100 kHz for TPPM relevant to our particular experimental setup. Powder averag-
decouplmg 44, 50 k!—|z_dur|ng CP, and 1.27'6 k.HZ at all ing was performed using 20 equally distributedngles and
other times. D.Q eXC“?"O” a}nd reconversion using CMR7 256 pairs ofa. and § crystallite angles generated by the
were accomplished usiridC fields .Of 37.2kHz for 752.64  pepy) 0N method46). Increasing the number of crys-
us in each step. The CP contact time was 2 ms, and recycl

- s allites beyond this point did not change the result signifi-
ggl%sé_(bzé govgere utilized. Eachy point is the average of cantly. The assumption of 11%ond angles in the simula-
Fran3|ents. _ . tions was based upon the X-ray crystal structuralbfrans-
Data ProcessingSpectral intensities of the C14 and C15  etinal (47). Retinal C15-H and C14-H bond lengths were
peaks were extracted from Fourier-transformed experimentalassymed to correspond to standareHC bond lengths.

data by fitting isotropic lines to pure Gaussian peak Shapes-Accordineg, the scaled®C—H dipolar couplings were set
The rotational sideband intensities were within the noise for g the value of 12.3 kHz measured for thg-&4 bonds of
all but the first and last; points and therefore neglected to [2-13C 1N]leucine in a DIPSHIFT experiment8). These

avoid fitting random noise. For a given 2D experiment, peak geometric assumptions were determined to be reasonable by
positions and line widths were constrained to a constant 5qgjtional simulations (vide infra).

value; only peak heights were varied as a functioty.dgrror Error Analysis.The influence of long-term variations in
in the individual intensities was determined to the 90% the experiments from sources such as temperature fluctua-
confidence limit using an F test to determine when #ie  tions and amplifier instability was minimized by collecting
value for a given fit was significantly larger than tl@éof data in an interleaved fashion, with 256 transients recorded
the best fit 45). pert; point in each pass through the entire indirect dimension.
SimulationsModulation of the sum intensity of tHéC14 The best fit to model conformations was determined by
and3C15 signals as a function bfdue to the heteronuclear minimizing Xf with the weighting of each point determined
dipolar evolution was simulated using the analytical expres- by the error in fitting of the spectral peaks. Confidence limits
sion 27) which relies on a first-order average Hamiltonian for the dihedral angles were determined using an F test at
description of the!3C—C recoupling sequence and the the 90% confidence level, where the normalization of the
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0.3 T T T . T Table 1: Measured Values of the#€14—C15—H Dihedral Angle
0.0 0.2 0.4 0.6 0.8 1.0 of Bacteriorhodopsin in Various States
ty/1, state 9]
Ficure 3: (a) Structure of diammonium fumarate. The asterisks bRsss 164+ 4°
denote the'®C-labeled 2 and '2positions. (b) Modulation of the Mo 147+ 10°
double-quantum-filtered intensity upon varying the fraction of the Mn 150+ 4°

rotor period with dipolar evolution. The solid line denotes the best
fit at ¢ = 18C°, and the dashed line represents the 90% confidence 1 1 . .
limit. The experimental data were collected under the same “*C—'H couplings, and the accuracy of the expression for
conditions listed under Experimental Procedures for bR, except thatthe excitation profile (eq 1) may be strongly compromised.
the sample temperature was maintained at@0 The respectable DQ efficiency in bR, compared to a

_— . _ _ theoretical maximum of 73%, justifies the usage of the
initial point, the relaxation rate, and the dihedral angle were analytical expression for the excitation profile of tHe—

the only free parameters. 13C recoupling sequence.

HCCH magnetization trajectories for the 4R M, and
RESULTS M, states are presented in Figure 5 with the best-fitting
simulations. The values d| for each state are presented
Proper performance of the HCCH dihedral angle measure-with confidence limits in Table 1. In all cases, signal loss
ment was verified using diammonium [22C,Jfumarate during the'3C—H dephasing period is very modest (78
(Figure 3a). The best fit to the experimental datapat 96% of the intensity remaining in the laspoints), indicating
18 (Figure 3b) agrees perfectly with the X-ray crystal the high quality of the homonuclear decoupling during the
structure 49) and previous NMR result2¢). Digitization MREV-8 sequence.
of the dipolar evolution dimension into 9 pointsiat= 5315 The dashed line in Figure 5a represents the simulation for
Hz results in an uncertainty of£9° with only a minimal ¢ = 180C°. The large deviation from the experimental data
amount of experimental noise. The angular uncertainty in demonstrates that the chromophore conformation cannot be
this measurement of the conformation of diammonium mistaken for planar. The deviation from planarity increases
fumarate is limited principally by the small variation between for the two M states. Asymmetry in the magnetization
dephasing curves for conformations within a few degrees of trajectory measured for the Jvktate (most notable in the
trans Simulations indicate that the optimal angular resolution 6th time point) appears to be due to random noise and is

occurs for |¢| in the range from 175 to 140 with responsible for the increased uncertainty in theddnfor-
substantially worse resolution for conformations with < mation. However, it is clear that the bfg conformation is
140, distinctly different from the deprotonated M states and that

Comparison of the CP and double-quantum-filtered spectranone of these states possesses a planar configuration of the
of [14,154C;]Jretinal bR (Figure 4) illustrates the high C14—C15 bond.
efficiency (~50%) of the double-quantum excitation. High- Fitting the experimental data required several assumptions
quality proton decoupling is critical for the proper perfor- about the bond angles, bond lengths, and relaxation rates.
mance of the DQ mixing sequence. Maintenance of a 3-fold The validity of these assumptions was verified through
or greater mismatch between tAel and °C fields is additional simulations, and no significant errors were as-
advisable for optimum DQ efficiencyb0, 5J). Insufficient sociated with these parameters.
proton decoupling during the recoupling sequence not only  The influence of HC—C bond angles upon the HCCH
reduces the available signal, but also leads to selection ofmagnetization trajectory was found to be small when the
only those crystallite orientations that correspond to weak dihedral angle was in the range of 1208(°. Variation of
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Ficure 5: Dephasing curves for the HCCH dihedral angle
measurement of (a) kR, (b) M., and (c) M, forms of [14,15-
13C,]retinylidene bR. Error bars indicate the 90% confidence limits
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couplings. Likewise, the anisotropy of the CMR7 mixing
sequence is only modestly perturbed by small changes in
the 13C—13C coupling magnitude. Even assuming the €14
C15 bond length changed by as much as 0.1 A, this
perturbation would alter the measured dihedral angle by less
than T, an effect much smaller than the influence of random
noise.

The effect of varying thé3C—'H coupling magnitudes,
equivalent to changing the bond lengths, was also investi-
gated. The HCCH experiment was found to be relatively
insensitive to the size of the dipolar interactions, as long as
the two strong interactions are of approximately equal size.
Variations of up to 10% in the coupling magnitude (equiva-
lent to a 3% variation of the bond length) did not alter the
best-fitting dihedral angle, but the error limits broadened as
the coupling strength was purposely misset. The shape of
the dephasing trajectory in the ndeanslimit is principally
determined by the dihedral angle and is much less dependent
on the magnitude of the couplings. When the scaled dipolar
coupling was allowed to vary freely in the fitting routines,
the optimal fits indicated a scaled coupling equal to that
measured in [2°C*N]leucine, validating the assumptions
made in the initial simulations. The insensitivity of the
HCCH dihedral angle measurement to the scaled coupling
magnitudes was previously demonstrated in fitting carbo-
hydrate dipolar correlation data without independent mea-
surement of scaling factar (30).

The relaxation model used in simulating the experimental
data assumes that the relaxation rates of pidransverse
spin state and the product states involvihtstates during
t; are equivalent. While this assumption is not generally valid,
the monoexponential decay fits well for times that are small
compared to the time scale of the relaxatibr(T,). Test
calculations demonstrated that full spin simulations of the
experiment including differential relaxation gave essentially
the same results as the analytical expression in eq 1, with
no significant improvement in the fit quality to justify the
use of the additional fit parameter. However, the mono-
exponential model is not expected to be valid when the

for the data points. Solid lines represent the best fit to each datamagnetization trajectory is monitored for longer timéd)(

set. Dashed and dotted lines denote the upper and lower confidenc

limits for each state, respectively. A simulation (daslot) for ¢
= 180 is presented in (a).

the bond angles by°Zltered the best-fitting dihedral angle
by less than 2 In the trans conformation, the dipolar
couplings remain collinear no matter how much symmetric
variation is applied to the HC—C bond angles. For dihedral
angles close to theis conformation, 2 variations in the bond
angle had more significant effects (&-8° deviations) on
the dihedral angle fitting routine.

The length of the C14C15 bond influences th€C—13C
coupling utilized in the CMR7 mixing steps and the weaker
two-bond3C—'H couplings. Simulations of the measure-

®r when the relaxation rate is not small compared to the

sample rotation rate.

Only four heteronuclear couplings were considered in the
simulations, corresponding to all possibt¢—'3C couplings
in the four-spin system consisting of the labeléd nuclei
and their directly bonded protons. For a deprotonated
chromophore, this model accurately represents all the
significant heteronuclear couplings to tH€14—13C15 spin
pair. While protons of the C20 methyl group, amino acid
side chains, and presumably water are also present, these
couplings will be significantly smaller than the one- and two-
bond couplings, and will not evolve significantly over the
course of a rotor period. As a result, these long-range
couplings have little effect on the magnetization trajectory.

ments on all three states were performed using a bond length A protonated chromophore has an additional two-bond

of 1.46 A derived from the crystal structure of retindlr(
and in close agreement with the QM/MM structure calcula-
tion of bRsss (52). Ab initio calculations suggest bond length

IHN—13C15 coupling, of comparable magnitude to the two-
bond'H14—'3C15 and'H15—13%C14 couplings. The precise
orientation of this dipolar interaction is not known, as it has

changes upon bond rotation or SB deprotonation are smallbeen suggested that the dihedral angle about b

(53). Simulations of the dephasing trajectorytinindicate

bond is distorted from 180(52, 59. However, assuming

that these experiments have only a weak dependence upotypical bond lengths, bond angles, and anM-C15-H

the magnitude and orientation of the two-botC—H

dihedral angle close to 18@estricts the possible orientations
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of this coupling to a small region. To assess the importance proton heteronuclear dipolar coupling with a chemical shift
of this third two-bond coupling, a series of simulations were tensor 67, 58. The direct result of these techniques is the
performed for five-spin systems of geometries corresponding determination of an HX—Y—H or H—X—-Y —Z dihedral

to a protonated [14,15C;] chromophore over the full range  angle (X, Y, Ze {C, N}). Typically, the results for the light

of C14—C15 dihedral angles and several possiblg—13C15 atom positions are related to a torsion angle, such as the
dipole orientations. The magnetization trajectory was only peptide backbone andy angles, defined by the positions
slightly distorted by théHy—13C15 coupling with respect  of the heavy atom substituents. This relation requires
to the four-spin simulations. The trajectories were insensitive assumptions about the relative orientations of the protons
to the exactHy—13C15 dipole orientation. The dihedral angle and heavy atom substituents. For peptide backbone confor-
could be faithfully extracted from the five-spin magnetization mations, in particular, it is generally assumed that amide
trajectories using the simple four-spin model except at groups are perfectly planar and that&hd side chain carbons

geometries extremely close to the ide& or trans confor- are perfectly tetrahedrally coordinated. However, this is not
mation. Forl¢| > 175, the four-spin model underestimates in complete agreement with experimental determinations. For
the dihedral angle by 23°. A 1° underestimation of¢| example, neutron diffraction structures of glycylglycis&<

occurred for dihedral angles between 1#hd 165. For 62) indicate an amide hydrogen position that is& out of

|¢| between 165 and 35, the four-spin model faithfully  the peptide plane. The geometry aj @ositions is also
reproduces the correct dihedral angle. The overestimationdistorted from tetrahedral in neutron diffraction structures
of the dihedral angle gradually increases as one approachesf glycylglycine 69—62) and various amino acid63—69).

the cis conformation, with a maximum error o &t ¢ = These data suggest that the translation of proton-dependent
0°. Therefore, neglect of thiHy—3C15 dipole coupling is  dihedral angles into heavy atom dihedral angles can add an
justified over the range of geometries expected for the-€14 additional uncertainty of 58° for each proton used.

C15 bond of the chromophore. Along the polyene chain of retinal, the expectation for
We find that the HCCH dipolar correlation experiment is  distortions of the proton positions is lower. Unlike thé sp
superbly suited for dihedral angle measurements in the nearcarbons of peptide side chains, the protonated retinal SB
trans regime. Of all the structural parameters, the HCCH forms a conjugated system that places restraints upon the

signal dephasing depends on the dihedral angle most stronglyproton orientations. X-ray diffraction structurei2( 13, 16
Bond length variations (as reflected in the dipolar coupling and calculated structures from molecular dynan& &nd
magnitudes), symmetric bond angle changes, and long-rangenhybrid quantum mechanics/molecular mechanics calculations
H—13C couplings are found to have less influence on the (52) of bRsgs do not indicate packing about the G1&15

dihedral angle measurement than experimental noise. bond that would sterically induce a distortion of the proton
positions. Thus, it seems likely that the determinatiofpof
DISCUSSION = 164° in bRsgg indicates a rotation of the C14C15 bond
that partially disrupts the conjugation of thesystem.
The simulated fits of the bsresults (Figure 5a) indicate However, recent hybrid quantum mechanical/molecular
a dihedral angle of 164 4°. This represents a significant Mechanical calculations for Bi (52) suggest an alternative
deviation from the ideal planar conformation of frktrans- interpretation of our results. These calculations predict an

retinal. Thus, even the relaxed ground-state structure incor-H—C14-C15-H dihedral angle of 165 in excellent agree-
porates a distorted chromophore. This result confirms the ment with our determination, but with a C3814-C15-N
analysis of FTIR %), CD (6, 7), MCD (6), and ORD 56) dihedral an_gle of 179 This unusual geometry is part of a
experiments. The optical studies specifically indicated non- twisted region of the chromophore extending from C13 to
planarity in the region of the C+4C15 bond of bRss A the SB nitrogen. Both of these interpretations are _consistent
distortion of the C14C15 bond also explains why the With the H-C14—C15-H dihedral angle measured in b2
strongest hydrogen-out-of-plane bending mode in thgbR Experimental measurements of the CI314-C15-N
chromophore is at C14 in resonance Raman measurement§ihedral angle are underway and should clarify its relation-
(20). The distortion of the C14C15 bond suggests that the ~ship to the HCCH dihedral angle.
bRsss chromophore is “spring-loaded” in preparation for the  For the deprotonated M states, the most likely interpreta-
initial photon-driven isomerization event, although the tion of the HCCH dihedral angle is a rotation of the C14
functional role of this tension is unclear. C15 bond. Deprotonation of the SB nitrogen neutralizes the
Deprotonation of the chromophore strengthens bond orderpositive charge and increases the bond order alternation along
alternation along the polyene chain, thereby decreasing thethe polyene chain. As a result, the barrier to €GL5 bond
barrier to rotation about the C3415 bond. As shown in  rotation should decrease. The magnitude of the deviation of
Figure 5b, we find that the C+4C15 bond becomes more |¢| from 180 also argues for bond rotation, as rather

distorted by the M state, with a dihedral angle af147. dramatic deviations from planarity about C14 and C15 would
The asymmetry in the Mdata appears to be due to random be required to produce [g| value of 150.
noise and leads to the increased uncertainty injthalue. Thus, we find that the chromophore starts the photocycle

Despite changes in th€C14 and SB™N chemical shifts  with a distorted C14C15 bond, although it remains to be
(38), no significant change in the-HC14-C15-H dihedral  established whether this distortion is limited to the proton
angle occurs in the Y M, transition. positions or a complete twist of the C+€15 bond. By the

A variety of pulse sequences have been developed totime that the SB has deprotonated, the ECAS5 bond has
measure torsion angles by correlating a pair of proton rotated to adopt a conformation3@way from a planatrans
heteronuclear dipolar coupling®4, 29 or by correlatinga  conformation.



Chromophore Distortions in Bacteriorhodopsin
CONCLUSIONS

The light-adapted chromophore in hkis distorted about
the C14-C15 bond, with an HCCH dihedral angle-6fl64°.
This result indicates that the protons of the €5 moiety
are twisted out of the plane of the chromophore, although
the possibility that the heavy atoms of thesfRhromophore
remain in-plane cannot be excluded at this point. This strain
at the C14-C15 bond suggests that the chromophore is in

an activated or preloaded state at the start of the photocycle.

The distortion around the C#4C15 bond is greater in
the M intermediates where the HCCH anglet$50°. This
additional distortion may help the SB to remain connected
to the extracellular side of the protein during the first half
of the photocycle. However, the distortion of the-B14—
C15-H conformation remains constant while the SB is
deprotonated. Thus, rotation of the C1@15 bond does not
appear to contribute to the change in connectivity to the
cytoplasmic side of the protein that occurs while the SB is
deprotonated. This is consistent with evidence that it is
distortion around one or more nominal double bonds (e.g.,
the neighboring C13C14 and C15N bonds) that is
released while the SB is deprotonate8, @, 23, 24.

Experiments are underway to measure dihedral angles around

these bonds with a view to assessing their role in the
connectivity switch.

The reported results demonstrate the presence of small-

Biochemistry, Vol. 41, No. 2, 2002437

10. Doig, S. J., Reid, P. J., and Mathies, R. A. (1991Phys.
Chem. 956372-6379.

11. Pfefferle, J.-M., Maeda, A., Sasaki, J., and Yoshizawa, T.
(1991) Biochemistry 306548-6556.

12. Belrhali, H., Nollert, P., Royant, A., Menzel, C., Rosenbusch,
J. P., Landau, E. M., and Pebay-Peyroula, E. (188)cture
7, 909-917.

13. Essen, L.-O., Siegert, R., Lehmann, W. D., and Oesterhelt,
D. (1998)Proc. Natl. Acad. Sci. U.S.A. 981673-11678.

14. Luecke, H., Richter, H.-T., and Lanyi, J. K. (1998gience
280, 1934-1937.

15. Luecke, H., Schobert, B., Richter, H.-T., Cartailler, J.-P., and
Lanyi, J. K. (1999)Science 286255-260.

16. Luecke, H., Schobert, B., Richter, H.-T., Cartailler, J.-P., and
Lanyi, J. K. (1999)J. Mol. Biol. 291 899-911.

17. Edman, K., Nollert, P., Royant, A., Belrhali, H., Pebay-
Peyroula, E., Hajdu, J., Neutze, R., and Landau, E. M. (1999)
Nature 401 822—-826.

18. Sass, H. J., Buldt, G., Gessenich, R., Hehn, D., Neff, D.,
Schlesinger, R., Berendzen, J., and Ormos, P. (2D@@)re
406, 649-653.

19. Royant, A., Edman, K., Ursby, T., Pebay-Peyroula, E., Landau,
E. M., and Neutze, R. (2000yature 406 645-648.

20. Smith, S. O., Braiman, M. S., Myers, A. B., Pardoen, J. A.,
Courtin, J. M. L., Winkel, C., Lugtenburg, J., and Mathies,
R. A. (1987)J. Am. Chem. Soc. 108108-3125.

21. Ames, J. B., Fodor, S. P. A, Gebhard, R., Raap, J., van den
Berg, E. M. M., Lugtenburg, J., and Mathies, R. A. (1989)
Biochemistry 283681-3687.

22. Gat, Y., Grossjean, M., Pinevsky, I., Takei, H., Rothman, Z.,
Sigrist, H., Lewis, A., and Sheves, M. (199)oc. Natl. Acad.
Sci. U.S.A. 892434-2438.

scale changes of the chromophore conformation during the 23. Hatcher, M. E., Hu, J. G., Belenky, M., Verdegem, P.,

photocycle that have not been detected in X-ray diffraction
studies. Thus, in considering the mechanistic implications
of X-ray structures, the possibility of undetected changes in
local structure should be kept in mind. Although small in

scale, these changes may be functionally significant because

chromophore twists provide a possible mechanism by which
bR can modulate the Ky of the SB nitrogen and its
interaction with proton donor and acceptor groups. Further
investigation of the chromophore conformation of photocycle
intermediates is warranted to elucidate the proton pumping
mechanism of bacteriorhodopsin.
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