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Abstract—In the last few years, detailed structural information from high-resolution x-ray diffraction has been added to the
already large body of spectroscopic and mutational data on the bacteriorhodopsin proton transport cycle. Although there are
still many gaps, it is now possible to reconstruct the main events in the translocation of the proton and how they are coupled
to the photoisomerization of the retinal chromophore. Future structural work will concentrate on describing the details of the

individual proton transfer steps during the photocycle.
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There is a huge amount of spectroscopic informa-
tion, collected over many years, to describe the photore-
action cycle of wild type bacteriorhodopsin, as well as site
specific mutants modified at critical resides [1-6]. It has
resulted in a fairly complete assessment of the pathway of
the transported proton across the membrane, and gave
rise to many hypotheses for the conversion of the free
energy gain in the excited state of the retinal into the
movement of a proton and ultimately into a transmem-
brane electrochemical gradient. However, as with
enzymes in general, many of the questions concerning
the transformations of the protein in the reaction cycle
are structural in nature, and for that reason the answers
need to be framed in structural terms also. This short
review will discuss insights gained into the transport
mechanism from x-ray crystallography of the unillumi-
nated bacteriorhodopsin and some of its photointermedi-
ates.

The acidic groups which play proton transfer roles in
the transport are located in the interhelical cleft formed
by the seven transmembrane helices, and are well known.
The photoisomerization of the retinal from all-trans to
13-cis,15-anti drives these transfers during the cyclic
reaction called the “photocycle”. Roughly speaking, the
photocycle can be described as a linear sequence of the K,
L, M, N, and O states [7-9]. Because they are defined by
their spectra in the visible, infrared, etc. they are inter-
mediates distinguished by the different states of the reti-
nal and its immediate environment. Some are produced

as several substates, the chromophore being the same but
with additional changes elsewhere in the protein. The K
to L transition reflects partial relaxation of the isomerized
but twisted retinal, and many small changes in the protein
and bound water that sets the stage for the L to M reac-
tion, in which the retinal Schiff base becomes deproto-
nated and Asp-85 protonated. The M intermediate
exhibits complex rise and decay kinetics, which must
originate from several M substates that reflect the fact that
numerous important events must occur in the protein
before the Schiff base is reprotonated. During the lifetime
of M, there will have to be a change in the accessibility of
the Schiff base to a proton donor/acceptor from one side
to the other. Related to this [10], there will be release of a
proton to the extracellular surface, from a so-far unde-
fined site, perhaps a hydrogen-bonded network of water
molecules [11], upon protonation of Asp-85. The Schiff
base had become deprotonated with a lowered pK,, but in
the next step it will be reprotonated, and one would
expect that its pK, will rise. The pK, of the proton donor
from the cytoplasmic direction, Asp-96, on the other
hand, will decrease from its initial value >11. Finally, a
pathway for transferring the proton from Asp-96 to the
Schiff base must be built.

After the Schiff base is reprotonated during the M to
N reaction, Asp-96 becomes reprotonated from the cyto-
plasmic surface producing a late N substate. This requires
a new protein conformation in which Asp-96 is accessible
to the surface but no longer to the Schiff base [5, 12]. The
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retinal may now thermally reisomerize to all-trans, pro-
ducing the O state. The decay of O, that regenerates the
initial state, depends on deprotonation of Asp-85 and
reprotonation of the extracellular proton release site [13-
15].

STRUCTURE OF THE BR STATE

The latest and highest resolution structures, at 1.55
[16] and 1.9 A [17], are from x-ray diffraction of crystals
grown by the cubic phase method [18, 19]. The P6; space
group arises by multiple stacking of the naturally occur-
ring purple membrane sheets with P3 symmetry. This
means that the environment of the protein in the crystals
is very similar to that in the original membrane. Indeed,
the entire complement of the archaeal lipids native to the
purple membrane appear to be present in the crystals [16,
17], to the exclusion of detergent and the lipids used for
the cubic lipid matrix. The photocycle of bacteri-
orhodopsin in the crystals is similar to that in membrane
sheets [20].

The seven transmembrane helices span the mem-
brane at various angles not far from the membrane nor-
mal, as known already from cryo-electron microscopy
[21-23]. The cytoplasmic half of the protein projects out
of the lipid bilayer by about 5 A farther than the extracel-
lular half. This, and the greater mobility of the cytoplas-
mic region, as reflected in the higher temperature factors
[16], is consistent with the fact that it is near the cyto-
plasmic surface where large-scale conformational
changes occur in the photocycle [24-27].

The active site comprises the protonated retinal
Schiff base, Asp-85, Asp-212, and their hydrogen bonds
to water 402, which separates the retinylidene cation and
the two aspartate anions [28]. The site is connected
through chains of interaction to both extracellular and
cytoplasmic regions. It is through these chains that long-
range effects occur in the protein during the photocycle.
In the extracellular region, an extended 3-dimensional
hydrogen-bonded chain, that involves Arg-82, Glu-194,
Glu-204, and at least seven water molecules, leads to the
protein surface [16, 17]. Mutation of any of these three
residues abolishes or strongly inhibits the release of a pro-
ton upon protonation of Asp-85. Hydrogen bonds with
Thr-89, Tyr-185, Tyr-57, and Ser-193 lend additional
stability to the network.

The cytoplasmic region contains no such polar net-
work, but it does contain a movable structural element.
The a-helical repeat of helix G is interrupted by a n-bulge
at Ala-215 and Lys-216 [16]. It is caused by hydrogen
bonds of the two main-chain C=0 groups to water mole-
cules 501 and 502, as shown in Fig. 1. This feature offers
the possibility of conformational change near the location
on helix G where the retinal is bound, through shuttling
between a more w-helical and a more a-helical arrange-
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Fig. 1. Irregularities in the a-helices of bacteriorhodopsin. A
and B represent views, along the c-axis and the a-axis, respec-
tively, of the w-bulge in helix G, and the two water molecules,
501 and 502, that stabilize it. The chain that extends from the
vicinity of the retinal to Thr-46 near the cytoplasmic surface is
evident. C is a view down the c-axis, to show the three proline-
associated kinks, on helix B, C, and F, as well as the n-bulge on
helix G. In B and C, helix G is shown with an additional helix
that represents a perfect a-helix aligned with the extracellular
segment. Coordinates used, 1CW3. Reprinted with permission
from [16].

ment. Water 501 is further hydrogen bonded to the indole
nitrogen of Trp-182, a residue that contacts the retinal
polyene chain. Water 502, in turn, is hydrogen bonded to
the C=0 of Thr-46, whose side-chain is hydrogen bond-
ed to Asp-96. This forms a chain of covalent and hydro-
gen bonds, with Trp-182, water 501, Ala-215, Lys-216,
water 502, Thr-46, and Asp-96 as participants. The chain
connects helices C, E and G together. Breaking and
remaking it would offer the possibility of communication
between the isomeric state of the retinal and the protona-
tion state of the cytoplasmic proton donor.

STRUCTURAL CHANGES AT THE RETINAL

In solution, photoisomerization of the retinal
from all-trans to 13-cis,15-anti drastically changes the
shape of the polyene chain and rotates the Schiff base
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N—H bond. To a degree that is not yet quite clear, the
retinal binding pocket will oppose these changes in
geometry. The resolution of the structures for the K
[29] and L [30] states determined so far does not reveal
the kind of distortion this conflict will produce at the
retinal. The low occupancy of these states is also a seri-
ous problem. On the other hand, comparison of the
structures of the two M states, the “early” M from the
E204Q mutant [31] where proton release is blocked,
and the “late” M from the D96N mutant [32] where
reprotonation of the Schiff base is blocked, indicates
progressive relaxation of an initially distorted retinal.
In the “early” M the distortion is mainly of an increase
of the bond angle at C,; because the polyene chain is
still straight like all-frans, and less bent at C,; than in
the “late” M. The relaxation therefore consists of C;,
and therefore the 13-methyl group, buckling upward.
In both M states the angle of the Schiff base nitrogen
has inverted so that the N: points toward the cytoplas-
mic direction. If the small difference observed [31] in
this angle in the two M states is significant (and this is
not yet clear), the direction of the rotation is clockwise
(sweeping past Asp-85).

Because the geometry of the retinal in the L inter-
mediate is not yet known, the mechanism for the depro-
tonation of the Schiff base is unclear. If the N—H bond in
L continues to point toward Asp-85, there will be direct
proton transfer to the aspartate. If it points toward the
cytoplasmic direction, direct transfer is less likely, and the
participation of bound water near this location might
need to be invoked. One possibility [33] would be the dis-
sociation of a water molecule, with the H* moving to
Asp-85 and the OH™ moving to the Schiff base and
receiving its proton. This would be tantamount to
hydroxyl ion transport in the opposite direction, analo-
gous to chloride transport by halorhodopsin [2, 34, 35]
and the D85T and D85S mutants of bacteriorhodopsin
[36, 37].

RELEASE OF A PROTON
TO THE EXTRACELLULAR SURFACE

Protonation of Asp-85 induces proton release from
a poorly defined site near the extracellular surface,
which has been suggested to be Glu-204 [38], the Glu-
194/Glu-204 pair [39], Tyr-185 [40], or the water mol-
ecules in the hydrogen-bonded network [11]. Lack of a
negative C=0 stretch band [11], as well as UV-Raman
[41] and NMR [42] evidence argue against the first
three alternatives. The pK, of Asp-85 and a second pro-
ton binding site, that must correspond to the release
site, are coupled in the BR state already [10, 43]. Figure
2 compares the structure of the BR state (Asp-85 anion-
ic, proton release site protonated) with the structure of
the M state (Asp-85 protonated, proton release site
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unprotonated). The results for M produced by illumi-
nation of the D96N mutant, as shown [32], as well as
for M of the wild type and the E204Q mutant [31, 44],
strongly suggest that the means for this coupling is the
shuttling of the positively charged side-chain of Arg-82
between the “up” position where it is connected to Asp-
85 through water 406, and the “down” position where it
is connected to the Glu-194/Glu-204 pair through
water 405.

The link between the protonation of Asp-85 and the
release of a proton to the surface will influence the
reversibility of the deprotonation of the Schiff base. Free
energy is dissipated at the release of the proton, propor-
tional to the difference between the pH and the pK, for
proton release. This will raise the pK, of Asp-85 and
thereby block the return of the Schiff base proton.
Indeed, double-perturbation experiments indicated [45]
that with increasing pH, and with an apparent pK, of 6
(i.e., the pK, for proton release), the protonation equi-
librium of the Schiff base in the M state is drawn away
from Asp-85. From this observation it appears that shifts
of proton affinity during the photocycle play a greater
part in the protonation switch than changes in the
geometry of the groups involved in the proton transfer.
This is in accord with the “local-access” mechanism for
the transport switch [46].

A B

all-trans
retinal

Fig. 2. Structural changes in the extracellular domain upon
formation of the M intermediate. A and B are views of select-
ed features of the BR and M states of the D96N mutant,
respectively. The protonation of Asp-85 results in downward
movement of the side-chain of Arg-82, and the breaking
hydrogen bonds that connect the Schiff base region to the
extracellular surface. Coordinates used 1C8R and 1CS8S.
Reprinted with permission from [32].
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REPROTONATION
OF THE RETINAL SCHIFF BASE

In the M intermediate produced at 230 K, that
should correspond to a state immediately after loss of the
Schiff base proton, the O—H stretch band of Thr-89 indi-
cates that its hydrogen bond to Asp-85 is retained [47]. In
the M state produced at room temperature, however, this
bond is broken [31]. The gradual changes at the retinal
cause upward displacement of the 13-methyl group of the
retinal after deprotonation of the Schiff base pushes the
indole ring of Trp-182 in the cytoplasmic direction [31].
Water 501 loses its hydrogen bond to the C=0 of Ala-215
on helix G and forms a new one to Thr-178 on helix E
This breaks the connection of Trp-182 on helix F to helix
G through water 501. Partial recovery of an o-helical
structure at the m-bulge, displacement of the side-chain
of Lys-216, and repacking of the side-chains between
helices F and G cause Asp-96 and Thr-46 to move apart
[31]. In the M state already, this allows the entry of water
into the cytoplasmic region, either from the bulk or from
other locations in the protein. Thus, a hydrogen-bonded
network of water molecules is assembled that leads from a
water that now bridges Asp-96 and Thr-46 in the direc-
tion of the Schiff base. Presumably, completion of this
network is the rate-limiting step in the reprotonation of
the Schiff base in the M to N reaction.

In the D96N mutant, where it could be easily deter-
mined [48], the pK, of the Schiff base at this stage of the
photocycle is 8, and proton transfer will not occur unless
the pK, of Asp-96 is lowered correspondingly. The water
molecule intercalated between Asp-96 and Thr-46, and
the generally less hydrophobic character of the now well-
hydrated cytoplasmic region should suitably decrease the
initially very high pK, (>11) [49] of Asp-96.

THE LAST STEPS OF THE PHOTOCYCLE

Return to the initial state requires several steps after
the N state: reprotonation of Asp-96 from the cytoplas-
mic surface, reisomerization of the retinal to all-trans,
deprotonation of Asp-85, and conformational recovery
[5, 6]. There is no direct structural evidence for how these
occur, but there are clues. The properties of a mutant bac-
teriorhodopsin indicate that in the dark the thermal equi-
librium between the 13-cis,15-anti and all-frans isomeric
states is shifted toward 13-cis,15-anti when Asp-96 is
deprotonated [50]. This implies a second functional cou-
pling in the protein during the photocycle, between the
retinal and the cytoplasmic region, perhaps through
reversal of the events that had mobilized the proton of
Asp-96 for the reprotonation of the Schiff base.

It was recently suggested that a single protein con-
formation can account for proton transfer between Asp-
96 and the Schiff base and the cytoplasmic surface and
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Asp-96 [24]. Nevertheless, it is clear that Asp-96 cannot
be in protonation equilibrium with the Schiff base and the
cytoplasmic surface at the same time [5], because repro-
tonation of the Schiff base is largely independent of pH.
Because the two protonation reactions proceed with not
greatly different time-constants, an additional conforma-
tional change in the cytoplasmic region is needed, which
is distinct from the one that allows deprotonation of Asp-
96. The nature of this conformation change is still uncer-
tain.

Deprotonation of Asp-85 will be the consequence of
the reestablishment of the initial geometry at the Schiff
base. Loss of the Asp-85 proton limits the rate of the final
photocycle step [14], and its irreversibility must reflect
recovery of the very low pK, (2.5) of Asp-8§5.

PERSPECTIVES

High-resolution x-ray crystallography will continue
to contribute unique and essential information to uncov-
er the transport mechanism in bacteriorhodopsin. The
main unsolved questions are about the exact path of the
proton transfer reactions. However, the limitations of the
crystallographic method are also becoming evident.
States or substates of the photocycle, which arise in rate
limiting steps, might be so transient that they can never be
stabilized. Visualizing the most interesting changes at the
retinal, which occur in the K and L states, will need crys-
tals that diffract much better than the current resolution.
Describing the large-scale conformational changes in the
second half of the photocycle will require new approach-
es which avoid disorder in the tightly packed crystals.
Successful solution of the still outstanding problems will
no doubt utilize many experimental strategies and much
ingenuity.
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