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ABSTRACT We previously have presented evidence for
prominent structural changes in helices F and G of bacterio-
rhodopsin during the photocycle. These changes were deter-
mined by carrying out electron diffraction analysis of illumi-
nated two-dimensional crystals of wild-type bacteriorhodop-
sin or the Asp-96 — Gly mutant that were trapped at a stage
in the photocycle after light-driven proton release, but pre-
ceding proton uptake from the aqueous medium. Here, we
report structural analysis of the long-lived O intermediate
observed in the photocycle of the Leu-93 — Ala mutant, which
accumulates after the release and uptake of protons, but
before the reisomerization of retinal to its initial all-trans
state. Projection Fourier difference maps show that upon
illumination of the Leu-93 — Ala mutant, significant struc-
tural changes occur in the vicinity of helices C, B, and G, and
to a lesser extent near helix F. Our results suggest that (i) all
four helices that line the proton channel (B, C, F, and G)
participate in structural changes during the late stages of the
photocycle, and (ii) completion of the photocycle involves
significant conformational changes in addition to those that
are associated with steps in proton transport.

Bacteriorhodopsin is a light-driven proton pump (1). Each
cycle of proton transport is initiated by the all-trans to 13-cis
photoisomerization of retinal and completed with the thermal
re-isomerization of retinal and return of the protein to its
initial conformation. A number of distinct intermediates that
occur in the course of the photocycle have been identified by
spectroscopic methods (2—-4). Site-specific mutagenesis studies
(5) and selection of transport-negative mutants (6) have
identified key residues that play important roles in the forma-
tion and decay of these spectroscopic intermediates. Electron
cryomicroscopic studies of two-dimensional crystals have re-
sulted in the determination of a model for the structure of
bacteriorhodopsin at atomic resolution (7, 8), allowing a
structural interpretation of the spectroscopic and biochemical
experiments.

To understand chemical aspects of the molecular mecha-
nism of proton transport, it is also necessary to determine
structural changes in the protein at different stages of the
photocycle. A combination of neutron (9), x-ray (10-13), and
electron diffraction (14, 15) experiments have begun to pro-
vide such information. Two general strategies have been used
in these experiments. In one, structural changes have been
observed by collecting diffraction data from wild-type bacte-
riorhodopsin where the photocycle has been slowed down by
lowering the temperature, changing the pH, adding chaotropic
reagents, or combining two or more of these variables. In the
other strategy, mutants that have pronounced kinetic defects
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FiG. 1.

Model for the atomic structure of bacteriorhodopsin
showing the location of Leu-93. The view is from the cytoplasmic side
of the membrane.

in specific stages of the photocycle have been used to trap and
structurally characterize the corresponding intermediates. To
a first approximation, the magnitude and nature of the struc-
tural changes determined by the different methods and by the
different approaches are in good agreement with each other.

In previous electron diffraction experiments (14), we deter-
mined structural changes in the photocycle of wild-type bac-
teriorhodopsin (at 5°C) and the D96GY mutant (at 25°C). The
experiments were carried out with the aid of a plunge-freeze
apparatus, which allowed two-dimensional crystals of bacte-
riorhodopsin to be frozen in liquid ethane at different times
after illumination with a flash of light. Crystals of both
wild-type and the D96G mutant were trapped at a time in the
photocycle that was subsequent to the release of a proton from
the Schiff base, but before the uptake of a proton from the
external aqueous medium. Under the conditions of our ex-
periments, time-resolved visible spectroscopic experiments
have shown that the M intermediate predominantly was ac-
cumulated in both wild-type bacteriorhodopsin (16) and the
D96G mutant (17). Diffraction patterns recorded from the
frozen crystals were processed to construct Fourier projection
maps of the differences between the structures of the trapped
intermediates and that of unilluminated bacteriorhodopsin.
The most prominent structural changes observed in the pho-
tocycle of the D96G mutant were in the vicinity of helices F
and G and were interpreted as an ordering of the cytoplasmic
end of helix G and an outward tilt of the cytoplasmic end of
helix F. Similar changes also were observed in the photocycle
of wild-type bacteriorhodopsin, although the features in the

TTo whom reprint requests should be addressed.

fBacteriorhodopsin mutants are designated using the one-letter ab-
breviations for the amino acids. The amino acid to the left of the
residue number is the original amino acid, and the amino acid on the
right points to the substituting amino acid.
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vicinity of helix F were less pronounced in comparison to those
near helix G.

The above observations raise an interesting question with
respect to the conformational changes in the late stages of the
photocycle. Does completion of the photocycle simply involve
reversal of the changes observed in crystals of illuminated
wild-type bacteriorhodopsin and the D96G mutant? Alterna-
tively, because the protein-catalyzed thermal reisomerization
of retinal must occur at a later stage in the photocycle, are
there other distinct structural changes in the photocycle? One
approach to addressing this question is to investigate light-
driven conformational changes under conditions where the
photocycle is interrupted at a stage subsequent to proton
release and uptake, but before retinal reisomerization. As

discussed below, the L93A mutant is an excellent candidate for
such studies.

Replacement of Leu-93 by Ala (but not by Val) is known to
result in a 250-fold decrease in the rate of completion of the
photocycle due to the accumulation of a long-lived O inter-
mediate (18). The kinetic defect in the photocycle of the L93A
mutant occurs at a stage after the completion of proton release
and uptake, and retinal reisomerization is kinetically the
rate-limiting step in the photocycle of this mutant (19). We
therefore have used the L93A mutant to determine structural
changes at the retinal reisomerization stage of the photocycle.
We show here that difference Fourier maps of light-induced
protein conformational changes in the L93A mutant are
different from those previously observed for the D96G mu-
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F1G. 2. Two-dimensional projection Fourier maps at 3.5-A resolution. The solid triangles in each map indicate the locations of the threefold
axes, and the grid bars are spaced at 20.81 A, which is one-third of the unit cell. (a) Wild-type bacteriorhodopsin at 3.5-A resolution. The seven
helices are identified. (b) Difference map of structural changes in unilluminated samples of the L93A mutant (at 6°C, pH 5.2) and wild-type
bacteriorhodopsin obtained using 29 crystals of the L93A mutant and 9 wild-type crystals. (¢) Control difference map obtained using 15
unilluminated crystals of the L93A mutant used above into two random sets of 8 and 7 crystals. (d) Difference map of structural changes in the
L93A mutant 5 sec after illumination at 6°C, pH 5.2, obtained using 28 illuminated and 29 unilluminated L93A mutant crystals. (e) Difference map
of structural changes in the D96G mutant 20 msec after illumination at 25°C, pH 8.5, obtained using 8 illuminated and 12 unilluminated D96G
crystals. (f) Difference map of structural changes in wild-type bacteriorhodopsin 20 msec after illumination at 5°C, pH 7.0, obtained using 7
illuminated and 9 unilluminated wild-type crystals. (g) Difference map of structural changes in the L93A mutant 5 sec after illumination at 6°C,
pH 5.2, obtained using 28 illuminated crystals of the L93A mutant and 9 unilluminated wild-type crystals. (k) Difference map of structural changes
in the L93A mutant 5 sec after illumination at 6°C, pH 7.0, obtained using 18 illuminated crystals of the L93A mutant and 9 unilluminated wild-type
crystals. The solid lines seen in all the maps have been drawn to show the approximate boundaries of individual molecules in the trimer. All difference
maps (b-h) have been contoured at the same interval, which, in turn, is 1/10 of the contour interval used for the projection map shown in Fig.
2a. The difference maps in e and f are the same as those previously published by Subramaniam et al. (14) except for the difference in scale factor.

tant. The most prominent new feature is in the vicinity of helix Combined with the results from structural changes in the
C and is consistent with an outward movement of this helix. photocycle of wild-type bacteriorhodopsin and the D96G
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mutant, the new findings suggest that all four helices that line
the proton channel participate in structural changes during the
photocycle, and that completion of the photocycle involves
significant conformational changes in addition to those that are
associated with steps in proton transport.

MATERIALS AND METHODS

Preparation of Crystalline Patches of Bacteriorhodopsin.
Purple membranes containing either wild-type bacteriorho-
dopsin or the L93A mutant were isolated from Halobacterium
salinarium as described (20). The isolated membranes, which
were typically 0.5-1.0 wm in size, then were fused in the
presence of octyl glucoside and dodecyltrimethylammonium
chloride as described (21) to obtain larger (average size ~5
um) crystalline patches.

Preparation of Specimens for Microscopy. Samples were
processed for electron microscopy essentially as described by
Subramaniam et al. (14). Briefly, fused membranes were
deposited on carbon-coated electron microscopic grids and
blotted with Whatman paper to remove excess liquid. The fully
hydrated grids (typically at ~6°C) then were plunged into
liquid ethane either after a dark adaptation period of typically
3 min, or after a flash of light (A > 570 nm) to initiate the
photocycle. The duration of the light flash was ~1 msec,
preventing the formation of secondary photointermediates
resulting from illumination of the O intermediate (significant
accumulation of the O intermediate is only observed at times
>>~1 msec after illumination). The intensity was sufficient to
excite most (>80%) of the bacteriorhodopsin molecules on the
grid. Because only a maximum of ~50% conversion into the
O intermediate is observed under saturating illumination (19),
the flash illumination conditions used here result in a higher
concentration of the O intermediate on the grid than expected
under steady-state illumination. The delay time between the
flash and the freezing step was 5 sec in all of the experiments
with the L93A mutant. Under these conditions, decay of the M
intermediate is complete, and the O intermediate is fully
accumulated (19). The grids were transferred immediately
from liquid ethane into liquid nitrogen, and all subsequent
manipulations of the sample were carried out at liquid nitrogen
temperatures.

Recording of Diffraction Patterns and Construction of
Fourier Difference Maps. The specimens were analyzed using
a Philips CM-12 microscope operating at 120 kV. Diffraction
patterns were collected either on Kodak SO-163 film or with
the aid of a charge-coupled device detector (22). Fourier maps
determined using data recorded using film or the charge-
coupled device camera showed the same features (S.S., un-
published observations). The patterns then were processed
using previously described methods (21). Difference Fourier
maps were obtained using phases for bacteriorhodopsin re-
ported in Henderson et al. (7).

RESULTS

Crystals of both wild-type bacteriorhodopsin and the LI93A
mutant diffracted to a resolution of better than 3.5 A. Aver-
aged intensities from reflections with z* values ranging from
—0.007 t0 0.007 A~! were used to construct difference Fourier
maps in projection. The experiments presented here address
two questions: (i) does the replacement of Leu-93 by Ala
perturb the structure of the protein? and (if) what is the nature
of light-induced structural changes in the L93A mutant, and
how do they differ from those observed previously with
wild-type bacteriorhodopsin and the D96G mutant?

Fig. 1 shows a backbone drawing of the structure of bacte-
riorhodopsin as viewed from the cytoplasmic side, identifying
the location of the seven transmembrane helices. A similar
view of a projection electron density map of a trimer of
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wild-type bacteriorhodopsin is shown in Fig. 2a. To determine
whether the replacement of Leu-93 by Ala alters the structure
of bacteriorhodopsin, a difference map was calculated by
comparing unilluminated crystals of the L93A mutant (at pH
5.2, 6°C in 50 mM potassium phosphate buffer) with unillu-
minated crystals of wild-type bacteriorhodopsin. As shown in
Fig. 2b, significant density peaks are observed in the vicinity of
helices C and G, and to a lesser extent near helix B. To establish
whether these peaks were significantly above the noise level in
the projection map, patterns obtained from unilluminated
specimens of the L93A mutant were randomly divided into two
sets, and a control difference map was constructed (Fig. 2c).
Comparison of the maps in Fig. 2 b and ¢ shows that the peaks
in b are typically about two contour levels above the average
noise level of the control difference map (c), indicating that the
replacement of Leu-93 by Ala introduces a detectable struc-
tural change in the protein.

Next, we determined light-induced structural changes in the
L93A mutant. Fig. 2d shows a projection map comparing the
difference between samples of the L93A mutant 5 sec after
illumination (at pH 5.2, 6°C) with unilluminated samples of the
L93A mutant. Under these conditions, the O intermediate
decays with a ¢/, of ~12 sec and therefore is accumulated in
high yield (19). The largest changes are observed in the vicinity
of helices C, G, and B, with slightly less pronounced changes
near helix F. The peak near helix C is a pair of closely apposed
negative- and positive-density peaks, and its location approx-
imately coincides in projection with the location of the Leu-93
side chain. The direction of the largest-density gradient points
outward from helix C, suggesting a net outward movement of
this helix in the photocycle of the L93A mutant. The positive
peaks on helices B and G are surrounded by regions of negative
density, but are not associated with negative peaks as clearly
as the peak near helix C. The map obtained with the L.93A
mutant is thus different from the map previously observed (14)
with illuminated crystals of the D96G mutant (Fig. 2¢), and in
wild-type bacteriorhodopsin (Fig. 2f). Interestingly, in the
L93A map (Fig. 2d), the peaks observed near helices F and G
are at a location similar to the locations previously observed in
the late stages of the photocycle in the D96G mutant (Fig. 2¢).

These results demonstrate that the structure of the L93A
mutant shows small, but significant, perturbations in the
vicinity of helices B, C, and G even in the absence of
illumination. Upon illumination, a conformational change
occurs. It is worth emphasizing that the most prominent
structural changes in unilluminated samples of the L93A
mutant are at a location similar to those locations observed in
illuminated samples. However, the extent of the changes
observed upon illumination are at least 2 times as large as the
structural difference observed with unilluminated crystals.
The difference map shown in Fig. 2g, which compares illumi-
nated L93A crystals to unilluminated wild-type bacteriorho-
dopsin crystals, provides an estimate of the net structural
change in the O intermediate of the L93A mutant. As expected
from the result shown in Fig. 2 b and d, the most pronounced
features of this map are in the vicinity of helices C, G, and B,
with a minor set of peaks near helix F.

The experiments reported above with the L93A mutant were
carried out at pH 5.2, because lower pH values favor accumu-
lation of the O intermediate state in wild-type bacteriorho-
dopsin (16), and also because our previous work (19, 23) had
shown that the O intermediate is accumulated in high yield at
lower pH values. To directly compare structural changes in the
L93A mutant to those previously observed with wild-type
bacteriorhodopsin and the D96G mutant at physiological pH,
we also obtained a set of difference Fourier maps for the L93A
mutant upon illumination at pH 7. As shown in Fig. 24, the
difference map comparing illuminated samples of the L93A
mutant with unilluminated samples of wild-type bacteriorho-
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dopsin shows features that are essentially similar to the cor-
responding map at pH 5.2 (Fig. 2g).

DISCUSSION

The results presented here provide a glimpse of conforma-
tional changes in the photocycle of the L93A mutant and show
that significant protein conformational changes must occur
either during or after the reisomerization of retinal. The most
significant new feature in the L93A difference maps is the
identification of structural changes in the vicinity of helix C.
The pattern of positive and negative peaks is consistent with
a net outward movement of this helix in the final stages of the
photocycle.

An important question to be addressed is whether the
structural changes observed in the L93A mutant are relevant
to those that occur in wild-type bacteriorhodopsin. In general,
one can envision two classes of explanations to account for a
difference between structural changes observed in wild-type
bacteriorhodopsin and a site-specific mutant: (i) the structural
changes in the mutant are unique and different from those that
occur in the wild-type protein, or that (ii) the sequence of
intermediates and structural changes in the mutant are similar
to those in wild-type bacteriorhodopsin, but different inter-
mediates are kinetically accumulated in the mutant. It is not
yet possible to discriminate unequivocally between these two
scenarios, but an analysis of the spectroscopic and biochemical
properties of the L93A mutant allows a more critical exami-
nation of these possibilities.

The visible absorption maximum of the L93A mutant in its
light-adapted state is ~542 nm (19), which is ~30 nm lower
than that of wild-type bacteriorhodopsin. The difference in
Amax Suggests that the retinal-binding pocket is altered in the
L93A mutant, and the structural difference observed by
electron diffraction analysis (Fig. 2b) supports this hypothesis.
While this difference in the initial conformation of the L93A
mutant suggests caution in extending the structural changes
observed in the mutant to those that occur in wild-type
bacteriorhodopsin, proton pumping experiments show conclu-
sively that the L93A mutant functions as a vectorial proton
pump like wild-type bacteriorhodopsin (18). Further, spectro-
scopic experiments show that the transient absorbance traces
observed at different wavelengths can be explained using the
same kinetic model and sequence of intermediates used for the
wild-type protein (19, 23). Thus, even though the initial
conformation of the mutant is different, it is reasonable to
expect that both the mutant and wild-type bacteriorhodopsin
would undergo a similar series of changes to vectorially
transport protons across the membrane. On the basis of the
above considerations, we favor the possibility that the struc-
tural changes observed in the mutant are relevant to the
changes in wild type. However, unlike wild-type bacteriorho-
dopsin, the L93A mutation kinetically decouples proton up-
take from retinal reisomerization, thereby allowing accumu-
lation of an intermediate that normally would not accumulate
in the photocycle of wild-type bacteriorhodopsin.

Another important question related to the above discussion
is the nature of the connection between the structure of the O
intermediate in the wild-type photocycle and the O interme-
diate in the mutant. In the wild-type photocycle, retinal is
reisomerized to a twisted all-frans configuration (24) in the O
intermediate. In contrast, retinal is in the 13-cis configuration
in the long-lived O intermediate in the L93A mutant, and the
reisomerization to the all-trans state occurs with decay of the
O intermediate (19). Second, the amplitude of the O inter-
mediate in the L93A mutant is approximately temperature-
independent, in marked contrast to the decrease in amplitude
observed in the case of wild-type bacteriorhodopsin. Further-
more, the activation energy for the transition from the O
intermediate to the initial bacteriorhodopsin state in the
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mutant is ~77 kJ /mol, which is ~18 kJ/mol higher than that
observed for wild-type bacteriorhodopsin. Together, these
considerations argue that the long-lived O intermediate
observed in the photocycle of the L93A mutant is different
from the twisted, all-frans O intermediate that is populated
in the late stages of the photocycle of wild-type bacterio-
rhodopsin. Thus while the structural changes observed here
for the L93A mutant may well occur transiently during the
course of the wild-type photocycle, they are not likely to
reflect the conformation of the O intermediate in the
wild-type photocycle.

It is interesting to speculate on the possible interpretation of
the structural changes observed with the L93A mutant, espe-
cially in context of the structural work on other mutants.
Electron, x-ray, and neutron diffraction experiments with the
D96G (or D96N) mutants all are consistent with a conforma-
tional change occurring at helix F and G during the photocycle
under conditions where the M intermediate is populated.
Infrared spectroscopic studies (25) have suggested that al-
though the optical spectroscopic features of this intermediate
most resemble those of the M intermediate, the conformation
of the peptide backbone bears a greater similarity to that of the
N intermediate of the wild-type photocycle. Studies of light-
driven structural changes in the F171C mutant by x-ray dif-
fraction (13) and in the F219L mutant by electron diffraction
(15) mutants show essentially identical features near helices F
and G under conditions where an N-like intermediate is
populated as determined by both optical and vibrational
spectroscopic methods. A role for the movement of helix F at
the N intermediate stage also has been proposed on the basis
of the slower rate of decay of the N intermediate (and
therefore of proton uptake) when the mobility of the cyto-
plasmic end of helix F was restricted by photo cross-linking
with benzophenone (26). Irrespective of the nomenclature of
the intermediates trapped in the different mutants, one can
conclude from the above experiments that the structural
changes in the vicinity of helices F and G are associated with
the stage of the photocycle preceding proton uptake from the
medium.

Under the conditions used to trap the O intermediate of the
L93A mutant, the proton uptake step is completed, but retinal
is not yet reisomerized to the all-trans state (19). The location
of the features observed near helix C in Fig. 2 coincide with the
location of Leu-93 in projection, consistent with the suggestion
that the contact of Leu-93 with retinal is a key element in
mediating conformational changes in the final stages of the
photocycle (18, 19). In addition to the helix C feature, the maps
show evidence for structural changes near helices B, G, and F,
which are the three other helices lining the pathway of proton
transport (7). The structural changes near helix B are in
approximately the same location as the peaks seen in previous
experiments where a significant amount of the M intermediate
was accumulated (11, 14). Our observations support the
conclusion from spin-labeling experiments (27) that there are
likely to be conformational changes at the cytoplasmic end of
helix C well after the formation of the M intermediate.
However, because changes are observed in helices B, C, F, and
G, it is clear that the structural changes on helices B and G are
not likely to be limited to only the first phase of the confor-
mational switch (13).

The data presented here were obtained using diffraction
patterns obtained from untilted specimens. The next phase of
this work will require collection of diffraction patterns from
tilted specimens to obtain a three-dimensional map of struc-
tural changes in the photocycle of the L93A mutant. Structural
studies of untilted and tilted specimens of the L93A, D96N
double mutant are also likely to provide further insights into
conformational changes in the late stages of the photocycle.
Spectroscopic studies with this double mutant have shown that
the decay of both M and O intermediates is slowed down, and
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conditions to selectively accumulate one or the other inter-
mediate have been identified (23). Finally, electron diffraction
analysis of the long-lived O intermediate in the recently
described E204Q mutant (28) also will provide further valu-
able insights into structural changes that occur in the retinal
reisomerization stage of the photocycle.
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