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Abstract

The L to M reaction of the bacteriorhodopsin photocycle includes the crucial proton transfer from
the retinal Schiff base to Asp85. In spite of the importance of the L state in deciding central issues
of the transport mechanism in this pump, the serious disagreements among the three published
crystallographic structures of L have remained unresolved. Here we report on the x-ray diffraction
structure of the L state, to 1.53 — 1.73 A resolutions, from replicate data sets collected from six
independent crystals. Unlike in earlier studies, the partial occupancy refinement uses diffraction
intensities from the same crystals before and after the illumination to produce the trapped L state.
The high reproducibility of inter-atomic distances, and bond angles and torsions of the retinal, lends
credibility to the structural model. The photoisomerized 13-cis retinal in L is twisted at the
C13=C14 and C15=NZ double-bonds so that the Schiff base does not lose its connection to wat402
and therefore to the proton acceptor Asp85. The protonation of Asp85 by the Schiff base in the L —
M reaction is likely to occur, therefore, via wat402. It is evident from the L state structure that various
conformational changes involving hydrogen-bonding residues and bound water begin to propagate
from the retinal to the protein at this stage already, and in both extracellular and cytoplasmic
directions. Their rationales in the transport can be deduced from the way their amplitudes increase
in the intermediates that follow L in the reaction cycle, and from the proton transfer reactions with
which they are associated.
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Much progress has been made in recent years in describing how protons are transported in the
light driven pump, bacteriorhodopsin. The structure of the protein in the non-illuminated, but
light-adapted, BR-state is available to 1.4-1.6 A resolutiony: 2, and the participation of the
retinal Schiff base, acidic side-chains, and numerous bound water molecules, in the internal
proton transfers and in proton release and uptake at the two membrane surfaces are now
understood. High-resolution x-ray structural models of nearly all of the intermediate states of
the transport cyclel' -15 give a step by step atomic level “movie” containing details of the
structural rearrangements in the protein up to the M and N states. Large-scale conformational
changes in the second half of the photocycle have been described, in turn, by cryo-electron
microscopylel 17 low-resolution x-ray and neutron diffraction projection mapsl8‘22, EPR
spectroscopy with site-specific spin—labeI523‘27 and cysteine reactivity changes28 at the
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protein surface. The changes in the strength of the retinal Schiff base counter-ion, inter-atomic
distances at functionally important locations, and dihedral angles in the retinal have been
determined29-33 with solid-state NMR. Rotation of retinal bonds, hydrogen-out-of-plane
(HOOP) motions, protonation changes in the protein, and perturbations of polar groups and
the peptide backbone as well as water and a hydrogen-bonded agqueous continuum, are
described34-38 by vibrational spectroscopy. Combined quantum-mechanics/molecular
dynamics calculations39: 40 of the barriers to changes in local geometry, and their comparison
with the measured thermodynamics of the photocycle reactions, have produced a suggested
reaction mechanism for the early events in the cycle.

According to the crystal structures, L 41 it is because the binding site does not initially
accommodate the changed shape of the polyene that photoisomerization produces a twisted
13-cis,15-anti retinal. Relaxation of this high-energy state is what drives both the critical
deprotonation of the Schiff base and the ensuing stepwise conformational changes of the
protein that propagate toward the two membrane surfaces. There is an emerging consensus
from both crystal structures and spectroscopic information on how these conformational
changes allow conduction of a proton from the cytoplasmic aqueous interface to the retinal and
from the retinal to the extracellular interface. However, important elements of the transport
mechanism have remained controversial because there is disagreement about the structure of
the L intermediate. The protonation of the anionic Asp85 by NZ*-H of Lys216 (the Schiff base
connection of Lys216 to the retinal) is the crucial step in the transport, and it occurs in the L
to M reaction. Its mechanism is determined by the pK, difference that develops between the
proton donor to its acceptor, and by the path taken by the transferred proton. Alternatively,
protonation of Asp85 might be by a water molecule that dissociates and leaves behind a
hydroxyl ion, and in this case the proton pump was proposed?’ov 31, 33, 42-45 g pe, in fact,
a hydroxyl ion pump. Thus, the central issues in the transport depend on how the geometry of
this region is changed from the equilibrium that exists in the BR-state to the unstable
arrangement in the L state.

In the BR state wat402 receives a hydrogen-bond from the Schiff base of the all-trans retinal
and donates hydrogen-bonds to the carboxylates of Asp85 and Asp212. This stable structure
will be perturbed Ufon photoisomerization of the retinal to 13-cis,15-anti. The three crystal
structures reported- 8,15 for the K state are in agGreement with the conclusions from changes
in the C=N stretch frequency that had suggested4 + 47 that the Schiff base loses its hydrogen-
bond. There is no such consensus for the L state. Although produced in the crystals by similar
illumination protocols, for this intermediate three very different crystallographic models have
been reported. They suggest different means for energy conservation in the cycle and different
paths for transferring the Schiff base proton to Asp85. The crystallographic considerations in
evaluating these models#8 have been reviewed. In model a), from data to 2.1 A resolution8
and a claimed 70% occupancy for L (although there is a differing opinion49), the Lys216
NZ*-H vector has turned away from wat402 that had connected it to Asp85 in the BR state,
and now points into the cytoplasmic, hydrophobic region. Wat402 is missing from the model,
but bending of helix C, with Asp85, toward the Schiff base site (although without a decrease
in the Asp85 to Schiff base distance) was suggested to facilitate transfer of the Schiff base
proton to the aspartate. The transfer is driven, presumably, by the new environment of the
protonated Schiff base that is unfavorable for a charged group. In model b), from data to 1.62
A resolution’ and 60% occupancy for L, the hydrogen-bond of the Schiff base to wat402, lost
in K, is re-established. This is accomplished by twists in two of the retinal double-bonds and
an increase in the bond angle at Cy3, S0 as to maintain, roughly, the contour of the all-trans
retinal in spite of the C13=C14 bond rotation. Protonation of Asp85 in this model is therefore
via wat402, and driven by the relaxation of the strain in the retinal permitted by loss of
interaction between the Schiff base and the aspartate, as follows from a previous
suggestion31, once they lose their electric charges. In model c), from data to 2.4 A
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resolution1? (but in a larger unit cell than the others) and 20% occupancy for L, the Schiff base
is turned to the cytoplasmic side together with wat402, maintaining the hydrogen-bond of the
Schiff base. Movement of wat402 to the other side of the retinal is made possible by rotation
of the Leu93 side-chain to make room for it. The proton transfer in this model is driven,
presumably, by the unfavorable free energy of the uncompensated charge of the anionic Asp85
left behind, but the path of the proton will be tortuous and may have to pass via the OH group
of Thr89.

Contrary to expectation, as discussed below in more detail, the various kinds of non-
crystallographic information about the L state have not decided unambiguously in favor of any
one these models. The FTIR O-H stretch bands in L in the wild-type protein and several mutants
are consistent only with model c), because they suggest50‘52 that the Schiff base becomes
hydrogen-bonded to a water molecule specifically in the ca/toplasmic region. The chemical
shift of 15N labeled Schiff base in L by solid-state NMR3C is consistent only with models b)
and c) because it indicates the existence of strong Schiff base counter-ion interaction. The NMR
results suggest30 twists around the C13=C14 and C15=NZ double bonds in L, consistent with
model b). Theoretical calculations#9, on the other hand, preclude such twists, and are in conflict
with the NMR and crystallographic data. The calculated barrier to proton transfer from the
Schiff base to Asp85 agrees with the measured rates, but the predicted structure for L is not
consistent with any of the three crystallographic models.

In view of this controversy, we made a new attempt to determine the structural changes in the
L state. The data we report here produces an improved model, because i) crystals with higher
diffraction quality were used, ii) the structure of L was determined in the partial occupancy
refinement with a BR model from the same crystal, and iii) the statistical significance of the
changes could be assessed from six independent determinations. The new model is consistent
with model b), but with some differences.

Results and Discussion

Validity of the data and the refinement

Bacteriorhodopsin isarigid transmembrane heptahelical bundle, and in all reports the structural
differences between the BR state and the L intermediate are small. Thus, the main source of
error in determining the structural changes in L will be the crystal-to-crystal variations relative
to the model of the BR state used in the partial occupancy refinements. Warnings of damage
from exposure to x-rays15 make the use of the same crystal for collecting data on both BR and
L states seem risky, but the number of x-ray photons in our data acquisition protocol is at or
below®3 the “safel” limit. In a test of radiation damage we compared models refined from
two sets of data collected from the same non-illuminated crystal. Decrease of scattering from
carboxyl groups is diagnostic15 of the damage. The average of the temperature factors of the
carboxyl oxygen atoms of Asp85, Asp212, Glu194 and Glu204, acidic residues of various
sensitivities to radiation damage in this protein, increased by 3 + 4 A2 petween the first and
second coordinate sets. The corresponding values for CA and CB of the same residues remained
virtually unchanged, as did the temperature factors (and positions) of retinal atoms. Because
the decrease of scattering from the carboxyl oxygen atoms seems small enough to be
acceptable, and the number of unique reflections collected remains about the same, we expect
that the overall quality of the data is not significantly degraded by exposure to the level of
radiation used.

Diffraction data were collected from six independent crystals, in each case both before and
after illumination as described in Methods. The data and refinement statistics for one of these
pairs is in Table 1. The data statistics were similar for the other sets (for the 12 data sets the
average resolution was 1.60 + 0.06 A, the I/o(1) for all reflections was 39.3 = 3.5 and for the
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highest resolution shell 2.1 + 0.1, Ryerge for all reflections was 3.7 + 0.8% and for the highest
resolution shell 60.0 * 3.3%, and the mosaicity was 0.51 + 0.18°).

The refinement will produce the coordinate set that best accounts for the diffraction intensities,
but when identifying alternative conformations it is reassuring to have, additionally, visual
comparison of the final model with an unbiased density map. This seems especially important
when there is disagreement among reported models for the same state of a protein.
Conformational changes induced in crystals were suggested to be validated®4 by calculating
Fons2Me— FopsPeTore difference maps between the two data sets (i.e., before and after the
conformation change, and without refinement), with phase information only from the first data
set. In our previous attempt7 to determine the structure of L such a map was dominated by
random noise and density differences from changes in local scattering, partly obscuring the
meaningful positive and negative density features at the retinal. With both data sets collected
from the same crystal now, the difference maps are improved but still noisy. A light minus dark
Fobs map, averaged from the six pairs of data sets, is shown in Figure 1(a). At the usual contour
level of 2.5-3.0 ¢ for such difference maps, no difference features were seen, and the contour
levels are set to + 0.45 . As in other such maps of bacteriorhodopsin intermediates®—11, but
at higher contour levels, the noise seems as great, or greater than, the coherent features. In order
to evaluate what would be expected in this map, we prepared the idealized difference Fy,s map
in Figure 1(b) from the refined coordinates for L (see below) and BR, setting the temperature
factors to 20.0 A2 for the main chain and to 30 A2 for all other atoms. This map will contain
density peaks only from the atomic displacements, and some of its features are indeed readily
assignable to the conformational changes. The contour levels required for this are + 0.25 c. If
the experimental map in Figure 1(a) contained no noise, it would have density peaks of
equivalent amplitude at the same contour levels. Because the amplitudes are similar at contour
levels of £ 0.45 o, other features, i.e., noise, contribute significantly to that map. In spite of the
noise, however, some of the density changes of the experimental map in Figure 1(a) agree with
those in the idealized map in Figure 1(b), and thus support the refined model for L. Positive
and negative density peaks above and below the proximal end of the retinal chain in both maps
suggest isomerization. Positive and negative features at the Lys216 side-chain, the peptide
group of Ala215, and the guanidinum group of Arg82, in both maps suggest movements. Other
features probably originate from noise and decrease of scattering that cover meaningful
features, e.g., those expected from the displacement of water molecules in the refined model.
The negative density peaks at the carboxyl oxygens of Asp85 in the experimental map must
be from radiation damage because Asp85 is much more sensitive to radiation’® than Asp212,
and there is no negative density associated with the latter at the contour level used. All in all,
it cannot be concluded from Figure 1(a) that all of the density peaks are from distinct structural
alterations, and it is not even certain that the changes are necessarily caused by the illumination.
We developed therefore a different strategy for validating the data and the refined model, one
suited to the specific problems we face from the small structural changes in bacteriorhodopsin,
as follows.

In order to test the origin of the changes after the illumination, the model for the putative L
state was extracted by partial occupancy refinement. First, amodel for the BR state was refined
from the data set before the illumination. Then, a model with two conformations was refined,
the first fixed as the BR model at 40% occupancy, and the second as the putative L state with
60% occupancy (see Methods). As a control, we refined a two-conformation model for the data
before the illumination also. If the changes after illumination reflect real conformational change
caused by the illumination rather than noise, the second conformation in the model without
illumination should be the same as the BR model. Figure 2(a) compares the second
conformation (atomic colors) and BR (blue) after the illumination, superimposed on the Fgps
map after illumination. In Figure 2(b) the same comparison is made for the two conformations
before the illumination. It is evident from Figure 2 that after illumination the refined model
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contains a second conformation different from the BR state, but without illumination the two
conformations virtually coincide. Thus, the changed second conformation does appear to arise
as a result of illumination. The same conclusion was made in our earlier’ reporton L. As a
further test of the data, the second conformation after illumination should be identifiable in
some way with what is expected for the L intermediate. The retinal is the most suitable part of
the molecule for this. From infrared and resonance Raman studies it is widely agreed that the
consequence of illumination that produces L is isomerization of the retinal. The appearance of
13-cis retinal in the second conformation for the illuminated data set is therefore strong
evidence that illumination produced a meaningful change, worthy of further analysis.
Reassuringly, the retinal in the second conformation in Figure 2(a) is indeed 13-cis, while
without illumination the model contains only a single retinal configuration, the all-trans isomer.

The Fons maps before and after the illumination, in Figures 2(a) and (b) respectively, differ
only slightly. Evidently, if L has a different conformation it will overlap the BR state
considerably. Extrapolated Fy,s maps contain the same information as difference Fqps maps,
but easier to evaluate because they are less affected by the amplitude of noise. An extrapolated
Fobs Map for the second conformation (i.e., for L) was constructed by subtracting 0.40x the
Fobs Map of the non-illuminated crystal from the F,,s map of the illuminated crystal and
dividing the result by 0.60. Figure 3 shows a stereo view of the retinal region, where there are
small but consistent differences between the map calculated before the illumination and the
extrapolated map (in blue and purple, respectively). The map in blue is consistent with the
model for BR (also in blue), while the map in purple corresponds well to the model for L (in
atomic colors). Although small, the differences in the F,,s maps justify the configurational
changes of the retinal Cy3, C14, C15, Cog, and Lys216 NZ and CE in the model (for the notation
of these atoms, see below), and they are consistent also with movements of the peptide O of
Ala215 and wat402 and wat501.

The orientation of the Schiff base NZ-H vector in the L state is of special interest (see
Introduction), and we were careful to avoid being misled by a false minimum in the refinement
that uses a conjugate gradient search. In our previous report7, the refinement produced a single
result, but with better data this did not need to be so. When the starting coordinates for the
retinal were varied to include a large number of configurations, the solutions in fact converged
to two different states for the retinal. In one, from all starting configurations with the Schiff
base pointing to the extracellular direction, the retinylidene nitrogen remains hydrogen-bonded
to wat402 and thus connected to Asp85 and Asp212. In the other, from all starting
configurations with the Schiff base pointing to the cytoplasmic direction, the nitrogen rotates
away from wat402 to almost hydrogen-bonding distance of OG1 of Thr89 (3.40 A, not shown).
The global statistics of the fit, i.e., the R-factor and R¢ee, could not decide between these models
as they were virtually the same. This is perhaps not surprising because the differences involve
very few atoms. However, there are spectroscopic and crystallographic grounds on which a
decision can be made. As discussed in another section below in more detail, both NMR and
FTIR spectra show*7: 55 that in L there is a strong counter-ion to the Schiff base. This is
contrary to the model with cytoplasmic orientation. If the Schiff base were the hydrogen-bond
donor to Thr89, the N-H-O angle would be an unrealistic low 84°. With the Thr side-chain as
the donor the angle would be more acceptable, but this is not possible because in L, as in the
BR state, OG1 of Thr89 is the hydrogen-bond donor®6 to OD1 of the anionic Asp85, ata 2.91
A distance. Further, in this model the negative charges of Asp85 and Asp212 do not effectively
shield the protonated Schiff base because the latter has moved as far as 4 A away from the
carboxylate oxygens, and is no longer connected to the wat402/Asp85/Asp212 complex. Thus,
with this cytoplasmic orientation, the Schiff base is without a hydrogen-bond and a counter-
ion. To evaluate the model from crystallographic criteria, we compare the two models with an
extrapolated omit Fgpg electron density map for L. Both Fypg maps for the extrapolation were
produced with the coordinate set from the non-illuminated crystal for the phases, i.e., the BR
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state, as for Figure 2, but in this case with retinal atoms Cy3, C14, C15, Cog, and Lys216 NZ
and CE omitted so as not to bias the result (all other atoms virtually coincided in the two
models). Figures 4(a) and (b) show the two models for the retinal, with such an extrapolated
map for L. The good fit of all retinal and Lys216 atoms of the first model with NZ facing to
the extracellular direction in Figure 4(a), and the poor fit of the Ret C14, C15, Cog, and Lys216
CE and CD atoms of the other model in Figure 4(b), into the densities argues that the second
model represents a local, and not global, minimum. We conclude that the first model is the
correct structure of the retinal in the L state. However, we found that the current data are not
good enough for a three-conformation refinement, i.e., to decide whether L is heterogeneous.
On crystallographic grounds, at least, the presence of a small amount of the second 13-cis
configuration of the retinal cannot be excluded.

Changes of the retinal in the L state

The improvements in the present work have produced a retinal configuration in L highly
reproducible in six independent crystals. The retinal geometry is very different from those
reportedgv 10,12 by other groups. Mainly because use of a BR model from the same crystal
made the partial occupancy reflnement more accurate, the geometry is somewhat different also
from the one we had reported earlier. Figures 3+ 4, and 5 illustrate the changed shape of the
retinal, and Table 2 shows bond angles for the BR and L states along its single and double
bonds. Except at Lys216 NZ of the L state where the standard deviation is + 7° in the L state,
they are reproducible within 1 to 3°. In a retinal free of constraints, trans-to-cis rotation around
the C13=C14 bond would cause a sharp bend in the polyene chain, but in L the end-to-end
distance of the retinal is hardly changed. This requires that at least one bond angle is
increased” over its value in the BR state. Two angles are seen to increase significantly, at
Ci3(i.e., the angle formed by C1,—C13=C14) and C14, by 5 + 20 each. Together with the double-
bond torsions (see below), these will assure that the polyene chaln remains extended and its
overall contour resembles that of the all-trans. This was found? also for the K state.

Table 3 contains torsion angles for the retinal in the BR and L states, represented as deviations
from the plane of the conjugated chain. They are reproducible within 3 to 6°. The somewhat
twisted C13=C14 double bond in the BR state, at —29 + 3° out of plane, is in accord with the
earlier reported crystal structures®: 2. Otherwise, in the BR state the retinal is nearly completely
planar, although not the Lys216 side-chain, as indicated for example by the large out-of-plane
torsion around the NZ-CE single bond. In the L state, both double-bonds between C13 and NZ
become considerably twisted, in the same direction and to the same extent relative to the BR
state, —54 + 7 and —46 * 6°, respectively. In our earlier reported structure” the two twists were
in opposite directions. However, as before, the C14—C15 single bond is not twisted. The NZ-
CE single-bond, on the other hand, is rotated counter to the double-bond rotations and because
its extent is 109 £ 5°. i.e., about the sum of the two double-bond rotations, the Lys216 chain
beyond CE is not turned by the torsions in the retinal.

In L, retinal atoms Cq3 and Cy5, and especially C14, undergo considerable displacements (0.38
+0.06,0.43+0.06 and 0.64 +0.08 A, respectively), but Lys216 NZ moves much less (Figures
3, 4, and 5, Table 4). Full rotation of the C13=C14 double-bond without other changes would
turn the NZ-H vector to the cytoplasmic direction. In two other reported structures® 10,12 for
L, this is the case. Because of the two partial double-bond twists, however, in our model the

NZ-H vector continues to point roughly to the extracellular direction (Figure 5).

Changes in the protein and bound water in the L state

In L, the NZ to wat402 distance is somewhat increased (Table 5), but the hydrogen-bond
Qetween these atoms is not broken. In fact, in spite of displacement of wat402 by 0.31 + 0.16
A (Table 6), the characteristic trigonal geometry of Lys216 NZ, Asp85 OD2 and Asp212 OD2
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around this water is unchanged (Figure 5, Table 5). The position of wat402 is less well defined
than the other atoms at the active center, and it has an increased temperature factor (Table 6).
In another reported structure®: 10 for L this water is missing, and in a third structurel? it has
moved to the cytoplasmic side of the retinal. There is no evidence for either in the model. No
space is available for a disordered water molecule on the cytoplasmic side of the Schiff base.

In the region between the Schiff base and the extracellular surface there are significant
movements of side-chains known to be of functional importance. The Arg82 side-chain moves,
but much less than in the M states 4, 11, 13, 14 reported. As a result the hydrogen-bond of
Arg82 NH1 to wat406 appears to be broken and the hydrogen-bond between Arg82 NH2 and
wat403 is shortened (Figure 5 Table 5). Perturbation of Arg82 spreads to the Glu194/Glu204
pair. Rotation of the Glu194 carboxyl group moves OE1 toward wat405, strengthening its
existing hydrogen-bond, and toward also Tyr83 OH, forming a new hydrogen-bond (Figure
5' Table 5). As shown in Figure 5 and Table 6, wat405 moves, tracking the swivel of the Glu194
carboxyl group. Glu194 OE2, on the other hand, moves away from Ser193, breaking its
hydrogen-bond (Table 5). In contrast to Glu194, Glu204 does not move significantly in L
(Table 4). Some of the changes resemble3 those in My’ although smaller in magnitude, but
others are in the opposite direction. Unlike in L, in the last M state the greater displacement of
the Arg82 side-chains will free it from interaction with wat403. Like in L, Arg82 loses its
connection towat406 in M5’ (in fact, wat406 is missing from that structure). In M5’ the carboxyl
groups of both Glu194 and Glu204 will have undergone greater rotations than in L, breaking
the hydrogen-bond of Glu194 OE1 to wat405. On the other hand, as observed in L, Ser193 is
no longer hydrogen-bonded to Glu194 OE1, and Tyr83 OH retains its newly acquired
hydrogen-bond to Glu194 OEL, in M,’. Thus, the motions of Arg82 and Glu194, but not
Glu204, reported in M, begin in L already.

In one of the reported structures?: 10 for L, the most important change is the bowing of helix
C toward helix G. Although the unchanged distance between the Schiff base and Asp85 in the
model in the same report seems to contradict it, the suggested rationale is to aid the transfer of
the Schiff base proton to Asp85, as Asp85 is on helix C and Lys216 is on helix G. There is no
such change of helix C in the other two reported7’ 12 models for L, and lack of significant
movement of the CA atoms of either Asp85 or Asp212 (Table 4) indicate that it is absent in
the current model also.

On the cytoplasmic side of the retinal, the upward movement of C43 (Table 4) with Cyq (Figures
3,4, and 5) brings it into steric conflict with the Trp182 ring, which tilts away somewhat (Table
4). Trp182 NEL1 retains its hydrogen-bond with wat501, in spite of displacement of the latter
(Table 6) because that movement is away from Ala215 O (Table 5). The hydrogen-bond
between Ala215 and wat501 is broken (Figure 5), allowing separation of helices F and G. In
addition to the movement of the Trp182 indole ring, away from the retinal in response to the
changed shape of the retinal polyene chain, the Trp86 indole ring on the extracellular side
moves (Table 4) toward the retinal. These displacements represent the first sign of the
compliance of the retinal binding site, as they are not observed! in the K state. Other residues
that form the binding site around the Ret Cq3 - Lys216 CD segment, i.e., Val49 and Ala53°7,
and Leu93%8, have not moved significantly in L (not shown), and constitute continued
restraints on the relaxation of the retinal at this stage of the cycle.

The most important change in the L state structure reported by another group12 is rotation of
Leu93 side-chain away from the retinal, with wat402 moving into the space it vacated.
However, Leu93 CD1 does not move in the current structure of the L state (Table 4).
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Correspondence with structural information from non-crystallographic evidence

Solid state NMR spectra of the BR and L states to date have provided31’ 33 direct information
about the strength of the Schiff base/counter-ion interaction, as well as measurements and
inferences about single and double-bond twists in the retinal. The counter-ion strength, from
the chemical shift of 15N-labeled Lys216 NZ, is stronger in L than in the BR state3 , arguing
that not only has the Schiff base not lost its connection to wat402 and thus to Asp85 and Asp212,
but wat402 has become more polarized. The current crystal structure contains no displacements
of atoms that would explain this polarization. On the other hand, given the greater counter-ion
strength in L, the extent of the blue-shift of the absorption maximum of this intermediate was
argued to indicate a twist of retinal double-bonds. This is confirmed by the current crystal
structure. As for single-bond twist, the only information from solid state NMR32 is on the
dihedral angle (H-C-C-H) of the C14—C15 bond in the BR state. Its value of 16 + 4° out of plane
disagrees with the torsmn angle (C-C-C-C) in the current structure of 5 + 4° (Table 3). As we
had pointed out beforel, the two values would not be in conflict if either of the hydrogen atoms
were to be somewhat out-of-plane, as suggested by a theoretical calculation.

The C=N stretch frequency of the protonated Schiff base of bacteriorhodopsin is coupled to
N-H bend®0 that shifts it from 1620 to 1644 cm L. Although in the K state the Schiff base is
still protonated the band shifts below 1600 cm~1 and its coupling to N-H vibration is greatly
decreased? 6,47 suggesting strong changes in the environment and loss of the Schiff base
hydrogen-bond. This is consistent with the crystallographlc structures of K in which the Schiff
base loses |ts hg/drogen bond to wat402, in one because wat402 has moved away, and in the
two othersl: 12 because rotation of the NZ*-H vector away from wat402 makes its angle
unfavorable for a hgdrogen—bond. However, the recovery of the C=N stretch frequency in FTIR
spectra show?7> 95 that in the L state the Schiff base hydrogen-bond is regained, as indicated
also by the SO|Id state NMR. This is in conflict with the L structure where wat402 is absent®:

but in agreement with the two others in which the hydrogen- bond with 402 is reestablished,
elther in the original dlrectlon7 or toward the cytoplasmic sidel2 where wat402 moved. It is
in agreement with our current model also.

Much attention has been paid to the O-H stretch bands that appear and disappear in the L
minus BR difference FTIR spectra3 because they suggest movements of water molecules to
differing environments or changes of their hydrogen-bonds. Assigning the locations of these
water molecules has been through the effects of single residue replacements on the frequency
and amplitude of the FTIR bands, with the assumption that their effects would be local. The
recent crystal structure®? of D9BA indicates, however, that a single mutation can affect the
hydrogen-bonding of various water molecules throughout the entlrefroteln, making this
assumption problematic. Nevertheless, from an extensive study the suggestion has been
made that the cytoplasmic region contains water molecules not evident in some of the crystal
structures, and that in L a new water molecule, probably Wat402 appears to the cytoplasmic
side of the Schiff base. This is in accord with one of the models12 for L, but not with any of
the others including the current one.

A unique property of L is the appearance of a strong N-H stretch band assigned62 to Trp182
NE1. There is a specific change in the current structure that will affect the electron density at
the ring NEL1, i.e., loss of the hydrogen-bond of wat501, its hydrogen-bonding partner, to
Ala215 O (Figure 5 and Table 5). FTIR spectra of L reveal also downshift of the C=0 stretch
of the protonated carboxyl of Asp115, and upshift of the C=0 stretch of the protonated carboxyl
of Asp96 (review35), suggesting that the hydrogen-bonding of these residues (or in the case
of Asp96 perhaps even its protonated state), is altered. No changes in the hydrogen-bond
lengths of Asp115 with Thr90 and Asp96 with Thr46 greater than the respective standard
deviations of + 0.03 t0 0.10 A are observed in the current model for L (not shown), as in the
other models except in one® 10 where Asp96 loses its hydrogen bond to Thr46. As at Thr46,
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there is no evidence in the current model for L for the structural changes at VVal49
proposed63 from FTIR spectra. If the spectral changes are correctly interpreted, FTIR
spectroscopy is a more sensitive method to detect small structural perturbations than
crystallography at the available resolutions.

Calculation of the barrier for the Schiff base to Asp85 proton transfer was from energy-
optimized structures for L, with the intent39: 40 to decide the right structure (and therefore the
right reaction pathway) from agreement of the calculated and observed rates. The two
alternative structures considered for L do not quite correspond to the crystallographic models.
In one, Lys216 NZ*-H points to the extracellular side and is directly hydrogen-bonded to
Asp212 OD1 (but not to wat402), and protonation of Asp85 involves this aspartate. In the
other, NZ*-H points to the cytoplasmic side, and is within hydrogen-bonding distance of Thrg89
OG1 but with an unfavorable geometry. Wat402 has remained on the extracellular side. The
calculated barriers to the proton transfer to Asp85 favor the cytoplasmic orientation, the proton
being conducted to Asp85 either via Thr89 OG1, or along other routes around Asp212 to the
other side, facilitated? by flexibility of protein side-chains. This conclusion is consistent with
none of the crystallographic models for L or with the NMR and FTIR evidence for a strong
Schiff base counter-ion. Of the two crystallographic models with a cytoplasmic orientation of
Lys216 NZ*-H, in one?: 10 water402 is missing from its location, and in the otherl2 wat402
has moved to the cytoplasmic side.

Implications of the structure of L for the mechanism of proton transport

The current structural model for the L state supports the earlier suggestions7’ 30-32, 41, 45,
53 that the energy gain from the photoisomerization of the retinal is stored in torsions of the
polyene chain. The alternative hypotheses, from the two differing crystal structures for L,
focused on wat402, either on its absence®: 10 in the Schiff base region, or its transport across
the membranel? in the direction opposite to the proton transport. With the current model for
L, the photocycle is viewed as the progressive relaxation of the initially twisted
photoisomerized retinal, and the proton transport as the consequence of the accommodation of
this relaxation by the protein matrix. There are two aspects of this accommodation. First, in
the L — M transition the Schiff base proton is transferred to Asp85, which converts the
NZH*-wat402-OD2" dipole into a neutral assemblage from which wat402 is then lost. The
deprotonated Schiff base is thereby freed up to rotate into its normal position in a 13-cis retinal,
this rotation being the switch3L: 64, 65 that reorients it toward the proton donor Asp96. Even
before this proton transfer, however, the changes of the retinal are accompanied by
perturbations that spread in the extracellular direction. Probably as the result of the movement
of Arg82 and its connected water molecules wat403 and wat406, the carboxyl group of Glu194
rotates and its new position is stabilized by a hydrogen-bond to Tyr83 OH (Table 5 and Figure
5). A precise arrangement for Glu194 and Glu204 is necessary to maintain the delocalized
proton in the aqueous network36 that constitutes the proton release site, because even
replacement of one of the Glu residues with Asp abolishes36: 66 the observed infrared
continuum. Rotation of Glu194 in L does not destroy the continuum36, but it seems relevant
to proton release in the photocycle states that follow L.

Second, as the bend of the retinal chain at C;3 becomes more and more acute, Ret C, comes
into steric conflict with the Trp182 ring. The Cyq to Trp182NE1 distance first decreases, then
increases’ 29, in the first half of the cycle as the indole ring is pushed and then yields to move
further away in response to the pressure. The deflection of Trp182 in L breaks the hydrogen-
bond of the connected wat501 to Ala215 O on the cytoplasmic side (Figure 5 and Table 5) that
connects helices F and G. Loss of the wat501 to Ala215 O hi/drogen—bond is also observed in
the M statesS 4 (although in one of the studies the BR state 1 used to refine the M model
contains no water equivalent to wat501, and in another!3 wat501 loses its other hydrogen-
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bond, to Trp182, also). Interestingly, breaking of the Ala215-wat501 hydrogen-bond occurs
also in the non-illuminated D96A mutant®l, where the perturbation of Ala215 originates not
from the retinal but from loss of the Asp96-Thr46 hydrogen bond, and propagated via Thr46
O, wat502, and Lys216 O. The deduced long-range coupling between the retinal and Asp96
overa>10 A distance via alternating covalent and hydrogen-bonds was suggested to separate
the cytoplasmic ends of helices B and C, and thereby develop cavities near Asp96 that will
recruit water®=8 and lower its pK, later in the photocycle. The separation of helices F and G,
on the other hand, might be to trigger the outward tilt of helix G that aids the creation of a
hydrogen-bonded chain of four water molecules® to conduct a proton from Asp96 to the
unprotonated Schiff base in the N state.

Thus, the structure of L contains hints at the causes of all of the structural changes that occur
later in the photocycle. This is not unexpected if these can be traced back to the transformations
of the retinal that begin in the K state already Only in the N state does the retinal binding site
conform fully to the changed, 13-cis,15-anti con1‘|gurat|on7o and thus the earlier intermediates,
like L, should be viewed as quasi-stable states along this equilibration coordinate.

Data collection

Refinement

The crystals, grown in cubic lipid phase as described before®8, were thin hexagonal plates
about 120 pm x 120 pm x 10-15 pm. Pieces of the cubic phase with encased crystals were
soaked overnight in the mother liqueur plus 0.5% octylglucoside, and the crystals were
extracted and mounted by mechanical manipulation with a nylon loop. Most of the crystals
diffracted only to about 2 A, and only a very small fraction were of the quality required for the
present work.

Diffraction data were collected at 100K before illumination, and then from the same crystals
after illumination at 170K and rapid re-cooling with a nitrogen-stream to 100K. Warming to
170K was in ca. 10 mins, cooling back to 100K in ca. 20 mins. lllumination was with a He-Ne
laser at 628 nm and 5 mW, parallel with the c-axis in the crystals. The photostationary state,
whose composition at this tem yerature depends only on the relative forward and back-reactions
between the BR and L states, > 49 will contain 60% of the L state. Illumination was for 10
mins on one side followed by 180° turn of the crystal and another 10 mins on the other side to
ensure that amount of the L state in the photostationary state would reach the limiting value’’

9 determined before. There was no decrease in the amount of L state upon cooling after the
illumination (our unpublished experiments). The measurements were at beamline BL 11-1 of
SSRL (Stanford, California), using a 3 x 3 array CCD detector (ADSC, San Dlego) For each
data set 90 images with 1.0° oscillation angle were collected, mtegrated and scaled with
HKL2000, in the P63 space group, with minor variations from a = 61 A, b=61A,c=110A,
a=90° B =90° y=120°.

Refinement of models’0 was with SHELXL-97, which handles the merohedral twinning71 of
the crystals by comparing a twinned model with the twinned data, and re-twinning the model
at each cycle of refinement. For each crystal a model for the BR state was obtained from the
data collected before illumination, by 20-cycle refinement of a single conformation. Input
model was 1C3W.pdb, but without including lipid atoms. Then, two-conformation models
were refined using the data collected after illumination. The first conformation was fixed, with
40% occupancy, as the BR state model of the same crystal, and the second conformation
refined, with 60% occupancy, as the putative model for the L state. The Fys electron density
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maps shown were manipulated72 with Mapman, and drawn’3 with Setor. The atom maps for
Figure 1(b) were constructed /4 with the SFALL program in the CCP4 suite.

Protein Data Bank accession codes

The coordinates and diffraction amplitudes for the structures of the BR state (before
illumination), and the BR and L states (after illumination), from one of the crystals (Table 1)
were deposited in the Protein Data Bank under entry codes 2NTU and 2NTW, respectively.
Diffraction data from the other five crystals, measured for each before and after illumination,
are available on ScienceDirect as supplementary material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Light minus dark difference Fqps maps. Blue, positive; yellow, negative difference density. The
retinal and a few residues and water from the model before illumination included. (a)
Experimental difference Fqps map, using only the model before illumination as the source of
phase information. Shown is the average map from six independent crystals. Contour levels +
0.45 o. (b) Sham Fg difference map, prepared as (a) but from the refined models for the BR
and L states. Contour levels + 0.25 o.
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Figure 2.

Models for data after (a) and before (b) illumination, refined as two conformations, with 40%
and 60% occupancies. The first conformation (in blue) is fixed as the single conformation
model before illumination (the BR state), the second (in atomic colors) is refined as the putative
L state. Panel (b) is intended as a test of the idea that the second conformation in (a) is caused
by illumination. The models are superimposed on F,,s maps after (b) and before (a)
illumination. Contour level at 1 .
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Ala215 . Ala215

retinal : retinal

wat402

Figure 3.

Stereo view of extrapolated Fqps maps of the retinal region. The models are the second
conformations in Figure 2, in blue before illumination and in atomic colors after illumination.
The extrapolated map for L (purple) was calculated from Fo,s maps constructed as in Figure
2. Itis overlaid on the Fqpg map from data collected before illumination (blue). Contour level
atlo.
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retinal

Figure 4.

Stereo view of two alternative models for the retinal in the L state. Models (a) and (b) were
refined as described in the text. They are overlaid on an extrapolated omit map for L, calculated
from Fqps Maps constructed without phase information for the relevant part of the retinal and
Lys216 as explained in the text. Contour level at 1 o.

J Mol Biol. Author manuscript; available in PMC 2008 February 2.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Lanyi and Schobert

Page 20

Glu204
Glu194

(b) -y ® Watd01

“ watd01 9fW3t406

wat405‘(
Figure 5.

Structural differences between (a) the BR state and (b) the L state. Selected residues and water
are shown to illustrate some of the changes discussed in the text and the Tables. For clarity,
the residues included are labeled in (a), and the water molecules in (b). The images illustrate
the deduced presence or absence of hydrogen-bonds. In some of the cases, the formation or
breaking of hydrogen-bonds is exaggerated as they refer only to significant decreases or
increases in inter-atomic distance, respectively (for more accurate information see Table 5).

wat403
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Table 1
X-ray data collection and refinement statistics for data sets before and after illumination of a bacteriorhodopsin
crystal. The illumination, with red laser at 170K as described in Methods, converted bacteriorhodopsin to the L
state with 60% occupancy.

before illumination after illumination|
Data resolution range, A 1.53-25.0 153-25.0
Total observations 170708 172256
Unigue reflections 33846 33922
Ruerge™ D o 3.3 (621) 2.9 (57.7)
Average l/g(1), % 417 (L9) 424 (2.1)
Completeness, %° 96.9 (87.0) 96.9 (86.5)
Mosaicity, ° 0.52 0.35
Refinement range, A 1.53-25.0 153-25.0
Structure factors 33815 33890
Restraints 7241 20914
Parameters 7056 7056
Twin ratio 48:52 48:52
Protein atoms® 1720 1720
Retinal atoms” 20 20°
Water molecules® 26 26°
R-factor. /9 15.19 (14.13) 15.33 (14.34)
Ryeed’ N o 18.84 (18.07) 19.45 (18.45)
Average protein B, A% 29.8 32.3°
Average retinal B, A% 20.6 2158
Average water B, A2 34.2 35.1%
Deviation from ideal bond lengths, A 0.013 0.011
Deviation from ideal bond angle distances, Al 0.029 0.026

aRmerge (1) = Xhkl Xi | Ihkl,i = {IhkI) 'Shkl i lthklil, where {Ink]) is the average intensity of the multiple Ink],j observations for symmetry-related
reflections.

b . o .
values in parentheses are for the 1.53 to 1.59 A resolution shell.
1/5(1), average of the diffraction intensities, divided by their standard deviations.

model for the data set after illumination is refined as two partial occupancy conformations, but one is fixed as the model from the data set before
illumination.

e .
for the model of the L state only (all other parameters refer to the entire data sets).

fR-factor =>hkllFobs — Fcalcl/>hkllIFobsl, where Fops and Fcalc are observed and calculated structure factors, respectively.

gvalues are for all data, those in parentheses for F > 4o(F).

h . . ! .
Rfree = Y hkl € TIFobs — Fcalcl/>hkl € TIFobs|, where a test set (5% of the data) is omitted from the refinement in such a way that all structure factors
in each of several thin resolution-shells were selected to avoid bias from merohedral twinning.
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Change of bond angles of the retinal and Lys216 (degrees), between the BR and L states (averages and standard
deviations from 6 independent crystals)?

location BR state
Ret C;, 124 +2
Ret Cy3 111+1
Ret Cyy 123 +2
Ret Cy5 115+2
Lys216 NZ 114+ 3
Lys216 CE 109+ 3

L state change
123+1 -1+1
116+ 2 5+2
128+1 5+2
113+1 —2+2
116 +7 2+8
111+1 2+3

achanges of likely significance are shown in bold
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Change of torsion angles of the retinal and Lys216 (degrees deviation from a planar 13-cis,15-anti configuration,
negative is counter-clockwise when viewed from the f—ionone ring), between the BR and L states (averages and
standard deviations from 6 independent crystals)?2

bond BR state L state
Ret Ci3=Cyy -29+3 —83+6
Ret Cy4 —Cy5 -5+4 -7%5
Ret C,5 = Lys216 NZ 64 —40£5
Lys216 NZ - CE —61+4 48+3

achanges of likely significance are shown in bold
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Atom displacements (in ,&) at selected locations between the BR and L states (averages and standard deviations
from 6 independent crystals)?@

atom displacement
Ret C,4 0.38 + 0.06
Ret Cy, 0.64 £ 0.08
Ret C,z 0.43 + 0.07
Lys216 NZ 0.14 + 0.06
Leud3 CD1 0.09 +0.04
Trpl182 NE1 0.27 £ 0.04
Trp86NE1 0.22 +0.02
Asp85 CA 0.13+0.02
Asp212 CA 0.14 +0.03
Arg82 CZ 0.40£0.14
Glul194 OE] 1.05+0.18
Glul94 OE2 0.48 £ 0.20
Glu204 OE]]| 0.18 +0.06
Glu204 OE2] 0.22 £0.13

achanges of likely significance are shown in bold
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Interatomic distances at selected locations (in 1&) between the BR and L states (averages and standard deviations

from 6 independent crystals)?@

atoms BR state

Ala215 O to wat501 3.01+0.07
Trp182 NE1 to wat501 2.82+0.04
Lys216 NZ to wat402 2.91+0.05
Asp85 OD2 to wat402 2.58 +0.05
Asp212 OD2 to wat402 3.07 £ 0.04
Wat401 to wat406 2.74 +£0.03
Arg82 NH1 to wat406 2.84 +0.08
Arg82 NH2 to wat403 3.03+0.10
Glu194 OE1 to wat405 3.18+0.14
Glul194 OE1 to Tyr83 OH 3.88+0.13
Glu194 OE2 to Ser193 OD1 3.17+0.10

achanges of likely significance are shown in bold
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L state
3.68+0.07
2.77 £0.08
3.08+0.22
247+0.11
3.03+0.16
2.71+0.08
3.61+0.51
2.52+0.05
2.69+0.23
2.88+0.20
3.45+0.15

change
0.67 +0.10
-0.05+0.09
0.17 +0.23
-0.11+£0.12
—0.04+0.16
-0.03£0.09
0.77 £ 0.52
-0.51+0.11
-0.49+0.27
-1.00+0.24
0.28 £0.18
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Displacements (in f&) and changes in temperature factors (in f&z) of water molecules between the BR and L states

(averages and standard deviations from 6 independent crystals)?2
displacement

water

401
402
403
404
405
406
407
501
502

achanges of likely significance are shown in bold

b .
rounded to nearest integer

0.13 £0.07
0.31+0.16
0.25+0.19
0.12+0.06
0.42 £0.22
0.29£0.30
0.13+0.05
0.49+0.16
0.20 £0.08

BR state

231
25+2
43+5
28+2
41+2
28+3
242
23+1
35+4
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B factor

L state
29+4
37+8
49+6
30+2
41+2
34+4
27+2
31+4
3B +4

change
6+4
12+8
6+8
2+3
0+3
6+5
3+3
8+4
0+6



