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Abstract For over three decades, bacteriorhodopsin has served
as a paradigm for the study of the mechanisms underlying ion
pumping across biological membranes. It is perhaps among the
simplest known ion pumps, which functions by converting light
energy into an electrochemical gradient by pumping protons out
of the cytoplasm. The combination of spectroscopic, biochemical
and crystallographic studies on bacteriorhodopsin provides a
unique opportunity to dissect the principal elements underlying
the mechanism of transmembrane proton transport. Here, we
provide a brief review of recent developments related to the
determination of the structural changes during proton transport
using crystallographic approaches. Taken together with previous
spectroscopic and biochemical investigations, these studies allow
the description of a detailed molecular mechanism of the main
steps in vectorial proton transport by bacteriorhodopsin.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Bacteriorhodopsin, a 27 kDa membrane protein, is a light-
driven proton pump found in a specialized region of the inner
membrane of the extreme halophile Halobacterium salinarum.
In response to illumination, bacteriorhodopsin transports pro-
tons out of the cytoplasm and into the extracellular medium
of this organism. The light sensor in bacteriorhodopsin is
retinal, which is covalently bound to Lys216, a residue in
the seventh transmembrane helix via a protonated Schiff
base linkage. The effect of light on retinal is to change its
configuration from the all-zrans state to the 13-cis state, which
triggers a remarkable series of protein conformational changes
that ultimately result in the net translocation of a proton
across the membrane. Retinal stays bound to the protein
throughout this process, in contrast to the case of the visual
rhodopsins in which the Schiff base linkage between retinal
and the lysine residue is hydrolyzed soon after light absorp-
tion [1]. Bacteriorhodopsin is arguably the best-studied ion
pump, and as a result of the extensive biochemical, biophys-
ical and structural studies on the protein, an impressive
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amount of information has been gathered about the structure
and function of this protein. Many comprehensive reviews
that document different aspects of the function of this ion
pump have been published [2-7]. Here, our goal is to highlight
only the recent electron and X-ray crystallographic studies on
bacteriorhodopsin, and to outline an integrated molecular
mechanism that defines our present understanding of the
main elements of vectorial proton transport.

2. The structure of bacteriorhodopsin

Bacteriorhodopsin has the distinction of having been the
first membrane protein to have its structure determined at a
resolution (~7 A) that was high enough to recognize the
arrangement of the helices in the membrane [8]. An atomic
model based on the use of electron crystallographic ap-
proaches was first published in 1990 [9] and refined further
in 1996 [10] to a resolution of ~3.5 A. The discovery [11] that
lipidic cubic phases could be used to crystallize bacteriorho-
dopsin was a major breakthrough that promised significant
increases in resolution based on X-ray crystallographic studies
of three-dimensional crystals. This expectation has indeed
been fulfilled, as attested by the ensuing frenzied pace of pub-
lications reporting on the structure of bacteriorhodopsin at
increasingly higher resolutions starting from 2.5 A in 1997
[12] to 1.43 A in 2002 [13]. There are 18 different sets of
bacteriorhodopsin coordinates presently deposited in the Pro-
tein Data Bank, resulting from either electron microscopic or
X-ray crystallographic studies of the unilluminated ‘ground’
state of wild-type bacteriorhodopsin (Table 1).

How similar are these structures? Fig. 1 shows a superpo-
sition of the Ca atoms of the 18 coordinate sets for bacterio-
rhodopsin. The plot of the superposed coordinates is reminis-
cent of the type of display that is usually presented in reports
of structures derived by nuclear magnetic resonance (NMR)
spectroscopy, and indeed there is some value in thinking
about these structures in this light. There is excellent agree-
ment among the different sets of coordinates on the path of
the Ca backbone in the transmembrane regions (see also [14])
for an earlier comparison of structures derived using either
electron microscopic or X-ray crystallographic methods). Al-
most all of the differences lie in the detailed conformations of
side chains in the interior of the protein, and in the interpre-
tation of the structure of the poorly ordered ‘loop’ regions
connecting the transmembrane helices. Nevertheless, the
more recent structural studies, beginning with the work of
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Fig. 1. Superposition of Co atoms of 18 sets of bacteriorhodopsin
coordinates obtained using either electron microscopic or X-ray
crystallographic approaches. A least squares procedure was used to
optimally align the Ca atoms of residues 9-29 (helix A), 43-60 (he-
lix B), 81-94 (helix C), 108-128 (helix D), 134-152 (helix E), 178-
191 (helix F) and 205-221 (helix G). These residues represent por-
tions of the structure that are most ordered, and therefore most
likely to be similar in the different coordinate sets. There is remark-
able agreement among the different coordinate sets in the transmem-
brane region.

Luecke et al. [15], have provided remarkably detailed views of
the organization of key residues and water molecules in the
Schiff base region that will be essential for a quantitative
understanding of the molecular mechanisms of light transduc-
tion.

A different perspective on the similarities among the differ-
ent coordinates can be gleaned from the plot in Fig. 2, which
presents the mean variation between structures (summarized

Table 1
Models for the ground state of bacteriorhodopsin

in Table 1) as measured by the deviation of the positions of
the Ca atoms of the transmembrane region of each structure
as compared to an average structure derived from all of the
coordinates. This deviation is plotted as a function of the
resolution claimed for each of the reported structures. Inspec-
tion of the plot reveals the excellent agreement among all the
structures posting resolutions better than 3 A. It is to the
credit of the early electron microscopic analyses that all of
the X-ray structures have been determined by molecular re-
placement strategies using starting coordinates whose roots
can be traced ultimately to the phases determined by electron
crystallographic studies [9,10,16]. The plot also allows one to
easily spot lap9 [12] as the one ‘outlier’ structure in the set.
This is an instructive comparison, because of the errors inher-
ent in the analysis of Pebay-Peroula et al. [12] resulting from
the use of crystals with a high degree of twinning that were
subsequently rectified in later studies, beginning with Luecke
et al. [17].

3. The photocycle

Well before the description of an atomic model for bacter-
iorhodopsin, spectroscopic studies had shown that the key
steps in light transduction could be described in terms of a
photocycle that reported on changes in the local environment
of retinal at different stages of proton transport [18]. Since
this early work, the photocycle has been studied in great detail
by a variety of optical and vibrational spectroscopic methods
[19,20]. It is now generally accepted that the sequence of
events involves formation of the intermediates K, L, M,
M;, N and O, with the same alphabetic notation used origi-
nally by Lozier et al. [18] to differentiate between the different
spectroscopic states of retinal (Fig. 3). The only light-depen-
dent event required for proton transport is retinal isomeriza-
tion from the all-frans to the 13-cis configuration, which is
complete on a picosecond time scale, corresponding to forma-
tion of the K intermediate in the photocycle. The remaining
events in the photocycle occur thermally, on time scales rang-
ing from microseconds (L and M; intermediates) to millisec-
onds (M, N and O intermediates). The transition from the
M; and M, intermediates, which bisects the proton release
and proton uptake halves of the photocycle, is thought to

PDB code Method Resolution (;\) Residues in the model Reference
IBRD EM 3.5 8-32, 38-62, 74-100, 106-127, 137-157, 166-191, 202-225 [9]

2BRD EM 3.5 7-227 [10]
1AT9 EM 3.0 2-231 [16]
2AT9 EM 3.0 6-227 [42]
1FBB EM 3.2 4-227 [35]

1AP9 X-ray 2.35 7-225 [12]
1BRR X-ray 2.9 3-232 [43]
1BRX X-ray 23 6-152, 167-228 [17
1C3W X-ray 1.55 5-156, 162-231 [15]
1BM1 X-ray 3.5 7-227 [44]

1QHJ X-ray 1.9 5-232 [45]
1EOP(A) X-ray 2.1 5-232 [25]
ICWQ(A) X-ray 2.25 2-239 [36]
1QMS8 X-ray 2.5 2-230 Takeda et al., unpublished
1KGB X-ray 1.81 5-156, 162-231 [46]
1IW6 X-ray 23 5-231 [24]
IKME X-ray 2.0 5-231 [47]
IMOL X-ray 1.47 5-156, 162-231 [13]
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Fig. 2. Degree of self-similarity of the different coordinate sets. Six-
teen sets were used; 1brd and lat9 were excluded since they were
replaced later by 2brd and 2at9, respectively. For each set of coor-
dinates, the root mean square deviation with the 15 other sets was
calculated using only the residues in the helical regions as noted in
the legend to Fig. 1. The average of these 15 values is plotted as a
function of the resolution associated with each coordinate set. The
values are as follows: 0.532 A (2brd), 0.426 A (1bml), 0.506 A
(1fbb), 0.562 A (2at9), 0.342 A (1brr(a)), 0.346 A (1qm8), 0.586 A
(1ap9), 0.325 A (liw6), 0.351 A (1brx), 0.290 A (lewq(a)), 0.279 A
(leOp(a)), 0.375 A (1kme), 0.279 A (1ghj), 0.294 A (1kgb), 0.346 A
(1c3w), 0.282 A (1mOl).
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represent the key event that ensures vectoriality of proton
transport [21], i.e. to ensure that the proton is taken up
from the cytoplasmic side and not from the extracellular
side where the proton is released.

Determination of the structures of the intermediates gener-
ated by light absorption has been a primary goal of structural
studies with bacteriorhodopsin in the last few years. This ef-
fort, carried out through the combined efforts of a number of
laboratories using X-ray crystallography, electron crystallog-
raphy and NMR methods, has been very successful. It has
resulted in the generation of a comprehensive body of knowl-
edge providing a detailed atomic picture of the rearrange-
ments in retinal and the protein moieties during the photo-
cycle. A list of atomic coordinates deposited in the PDB
arising from experimental determinations of the structures
of various intermediates are summarized in Table 2, along
with references to the original publications. Below, we review
the main findings from these studies.

3.1. K and L intermediates

Since the K intermediate appears ~ 1 ps after light absorp-
tion, almost all of the structural changes are localized to ret-
inal and the region in its vicinity. Resonance Raman spectro-
scopic studies carried out over two decades ago [22] first
established that the Ci3=Cy4 bond is almost fully rotated to
the 13-cis configuration in the K intermediate, and the X-ray
crystallographic studies are fully consistent with this conclu-
sion. Minimal protein structural changes are observed, but the

light-adapted state

10 msec

,h
Yo |

"‘—W"
'r*aO"’

P
=i
¥

et
ra-é-"" E
iy
- =2
".'|\-v
W S Y
B

,
<.

@i
s

Fig. 3. The photocycle of bacteriorhodopsin. The intermediates generated upon illumination are shown, and the colors of the models shown
roughly reflect the true colors of the intermediates. Proton release to the extracellular medium occurs with the decay of the L intermediate, and
proton uptake from the cytoplasmic medium coincides with the decay of the N intermediate. The cycling time is ~ 10 ms at room temperature.
Because the extent of the structural change at each intermediate is small on the scale of this drawing, all the cartoons shown are from the

structure of wild-type bacteriorhodopsin.
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minor rearrangements that occur appear to be localized to
Asp85 and the hydrogen-bonded network connecting the
Schiff base, water 402, Asp85 and Asp212 [13,23,24].

The L intermediate is formed on the microsecond time scale
by thermal decay from the K intermediate. At this stage, the
protein is poised to release the proton from the Schiff base to
the key aspartic residue Asp85, which serves as the initial
proton acceptor. There is no evidence for a large-scale protein
conformational change that occurs with L formation, but the
extent and nature of the small changes that might be expected
to occur in the vicinity of retinal remain controversial [25,26].
However, it is very reasonable to expect that there would be
some rearrangements near the extracellular region of the pro-
ton release channel, and the proposal of Royant et al. [25] of a
role for a small bend in helix C is plausible and also consistent
with the results from solid-state NMR studies [27]. The effect
of the local rearrangements of the hydrogen-bonded network
is to provide a pathway for proton release, and could involve
reorientation of the guanidinium moiety of Arg82 so that it
now points away from the interior and towards the exterior.
Biochemical and spectroscopic analyses have shown that the
formation of the L intermediate coincides with increased ac-
cessibility of the Schiff base to small hydrophilic reagents such
as hydroxylamine that enter the protein from the extracellular
side [28].

3.2. M;, M, and My intermediates

The light-induced rearrangements of retinal and the protein
region in its vicinity culminate in the release of a proton from
the Schiff base to the extracellular medium. In the early liter-
ature on bacteriorhodopsin, most analyses presumed the exis-
tence of a single M intermediate. However, in the early 1990s,
Janos Lanyi, Dieter Oesterhelt and their respective colleagues
developed the idea that it was conceptually appropriate to
think of the M intermediate in terms of two substates (M;
and M;) with similar absorption spectra but with significantly
different protein conformations. Electron crystallographic
studies of a variety of mutants trapped at different stages in
the photocycle further supported this idea with the finding
that the main protein conformational change in the photo-
cycle coincides with the M; to M, transition [21]. This con-
clusion has been confirmed and extended by X-ray crystallo-
graphic studies of 3D crystals trapped in M;-like states

Table 2
Models for the intermediate state of bacteriorhodopsin

[26,29]. There are strong similarities in the nature of structural
changes in the extracellular half of the protein in the L and
M; states, but the most important difference lies in the altered
protonation states of the key groups involved in proton trans-
port: in the L state the Schiff base is protonated and Asp85 is
deprotonated, while in the M; state, the Schiff base is depro-
tonated and Asp85 is protonated. This transferred proton
stays on Asp85 until the very late stages of the photocycle,
and the proton that is released into the extracellular medium
comes from the H-bonded network between Asp85 and the
extracellular surface. Residues Arg82, Glul94, Glu204 and
water molecules in the vicinity make key contributions to
this H-bonded network.

The combination of the altered configuration of retinal, the
altered protonation states of the Schiff base and Asp85, and
the changes in H-bonding in the extracellular half of the pro-
tein initiate the transition from the M; to M, states, and the
main conformational change in the photocycle. Distinctions
are sometimes made between the M, state in wild-type bacte-
riorhodopsin and the My state, which is the intermediate that
accumulates in mutants where Asp96 is replaced by a neutral
residue [30-32]. The similarities between these states far out-
weigh the fine differences, and the main point is that the state
that accumulates after deprotonation of the Schiff base (M, or
Mpy) reflects the changed conformation of the protein.

What is the nature of the protein conformational change?
Electron and X-ray crystallographic studies [33,34] of inter-
mediates trapped after illumination suggested that changes at
the cytoplasmic ends of helices F and G were likely to be the
principal feature underlying the increased accessibility of the
Schiff base to the cytoplasmic side. This proposal has been
confirmed and extended in subsequent electron and X-ray
crystallographic studies. An atomic model capturing the full
extent of this conformational change has been obtained from
electron crystallographic studies of 2D crystals of a mutant
trapped in this state [35]. The key features of the structural
change include the outward tilt of helix F with Pro186 serving
as the hinge and an inward movement of the cytoplasmic end
of helix G. These movements lead to an opening of the cyto-
plasmic part of the proton pathway allowing entry of a proton
from the cytoplasm into the interior of the protein. All X-ray
crystallographic studies of the M, or My intermediates using
3D crystals have also found evidence for conformational

PDB code (chain ID) Method  Sample State

Resolution (A) Residues in the model Reference

1FBK EM D96G/F171C/F219L M

1QKO X-ray WT K

1QKP X-ray WT K

1C8R X-ray D96N Ground
1C8S X-ray DI96N Late M (My)
1F50 X-ray E204Q Ground

1F4Z X-ray E204Q Early M
1EOP(B) X-ray WT L

1CWQ(B) X-ray WT M

1DZE X-ray WT M

1Jv7 X-ray D85S (0]

1Jve X-ray D85S/F219L (0]

1KGS8 X-ray WT Early M
1KG9 X-ray WT Mock-trapped
1IXF X-ray WT K

IMOK X-ray WT K

IMOM X-ray WT M,

3.2 4-228 [35]
2.1 5232 23]
2.1 5-232 [23]
1.8 5-156, 162-231 [15]
2.0 5-153, 176-222 [15]
1.7 5-156, 162-231 [29]
1.8 5-156, 162-231 [29]
2.1 5232 [25]
2.25 2-239 [36]
2.5 6-230 Takeda et al., unpublished
2.25 9-63, 78-232 [38]
2.0 9-63, 78-230 [38]
2.0 5-155, 167-231 [46]
1.81 5-156, 163-231 [46]
2.6 5-231 [24]
1.43 5-156, 162-231 [13]
1.43 5-156, 162-231 [26]




changes in this region. Interestingly, in all X-ray crystallo-
graphic studies, the extent of this change is either muted sig-
nificantly (e.g. [36]), or, as in the case of the work by Luecke
et al. [32], the regions undergoing the conformational change
are disordered. Nevertheless, the general consensus from every
structural investigation of the conformational changes at the
late M stages leaves little doubt that movements in helices F
and G contribute to the rearrangements in the cytoplasmic
part of the proton channel, and that this is an integral com-
ponent of the mechanism of the proton uptake step in trans-
port.

3.3. N and O intermediates

Following proton release, the Schiff base is reprotonated
from the cytoplasmic side. The residue that provides the pro-
ton is Asp96, which maintains a high pK, in the unilluminated
state because of its relatively non-polar environment. The dif-
ference between the M, and N intermediates lies primarily in
the reversal of the protonation state of the Schiff base and
Asp96. Some site-specific mutants such as F219L display an
accumulation of the N intermediate, and Vonck [37] took
advantage of this to determine structural changes from an
electron crystallographic analysis of 2D crystals of this mu-
tant. The structural changes observed in illuminated crystals
of this mutant are essentially identical to those reported by
Subramaniam and Henderson [35] and completely consistent
with the structural changes that Luecke et al. [32] might have
seen in the My state of the D96N mutant had the 3D crystals
used in their study not inhibited the occurrence of these
changes. Further, two-dimensional projection maps of wild-
type bacteriorhodopsin and several mutants trapped under
conditions that favor M-like and N intermediates are also
remarkably similar [21]. Taken together, these observations
confirm that the proposal of Henderson et al. [9] that the
protein conformations corresponding to the late M (i.e. My)
and N intermediates must be similar was essentially correct.

Once the Schiff base is reprotonated, it remains for the
internal proton donor Asp96 to be restored to its initial state
by the uptake of a proton from the cytoplasmic side. Uptake
of the proton generates the O intermediate, which in some
respects has been more elusive to direct structural analysis
than other intermediates. In wild-type bacteriorhodopsin,
the O intermediate that accumulates is thought to contain
retinal in a partially isomerized all-frans state. However,
under physiologically relevant conditions the time scale of
decay of the O intermediate is similar to its formation, result-
ing in very little accumulation of this intermediate. Because
Asp8S5 is still protonated in the O intermediate, it is possible
to consider the structures of mutants in which Asp85 is re-
placed by a neutral residue as analogs of the O intermediate,
although the conclusions would clearly have to be interpreted
with caution. Bob Glaeser and colleagues [38] have recently
reported such experiments with the D85S and D85S/F219L
mutants, and show that the main differences with the structure
of unilluminated bacteriorhodopsin are almost exclusively in
the extracellular half of the protein.

4. The molecular mechanism of proton transport
Knowledge of the protein structural changes in the photo-

cycle and the many decades of biochemical and spectroscopic
analyses provide a unique opportunity to piece together the
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mechanism of proton transport at an atomic level. In the
dark, the protein exists as an equilibrium mixture of confor-
mations in which the 13-cis 15-syn and all-trans 15-anti con-
figurations of retinal are populated roughly equally. In the
presence of continuous illumination, this equilibrium is shifted
rapidly so that almost all of the molecules contain retinal in
the all-zrans configuration; this state is often referred to as the
light-adapted state of bacteriorhodopsin. All of the experi-
mental analyses on light-induced conformational changes are
carried out starting with the light-adapted state. When the
source of illumination is removed, the isomeric ratio is re-
turned to the 13-cis and all-trans mixture in a slow process
that takes many minutes [2].

In this light-adapted state, the protonated Schiff base sits in
the vicinity of an extended H-bonded network, including the
residues Asp85, Arg82, Asp212, Tyr57 and at least one struc-
tured water molecule (Wat402), although it is mainly stabi-
lized by its interaction with AspS85, its primary counterion.
The consequence of illumination is to isomerize retinal to
the 13-cis 15-anti configuration, resulting in the formation of
the K intermediate. The distinction between the 13-cis config-
uration generated in the photocycle and the 13-cis configura-
tion present in the dark-adapted state lies in the anti vs. syn
configuration of the C=N Schiff base linkage. This subtle
difference has a profound effect on the environment of the
Schiff base proton: in the 13-cis 15-syn configuration, the
proton is pointed in almost the same direction as it is in the
all-trans 15-anti configuration, and therefore, there is little
change in the pK, of the Schiff base. In contrast, in the 13-
cis 15-anti configuration, the N-H proton is pointed in the
opposite direction, towards a much less polar region of the
protein. This isomerization thus leads to what is perhaps the
single most important event in the photocycle: the reversal in
the proton affinities [39] of the Schiff base and the proton
acceptor Asp85, leading to the transfer of a proton from the
Schiff base to Asp85. This event coincides with formation of
the M; intermediate. The protonation of Asp85 triggers the
release of a proton into the extracellular medium. No specific
group seems to be the primary source of the released proton,
which is thought to originate from the network formed by
residues Arg82, Glul94, Glu204 and water molecules resident
in the extracellular channel.

The essence of the functioning of bacteriorhodopsin as a
vectorial proton pump is that the Schiff base is reprotonated
from the cytoplasmic side and not the same side from which
the proton is released. What is the mechanism that ensures the
‘sidedness’ of proton uptake? It has become clear that events
at retinal play a critical role in this process. All of the theories
proposed to account for vectoriality invoke changes in retinal
structure that switch access of the Schiff base nitrogen from
being connected to the extracellular H-bonded network in the
first half of the cycle to the cytoplasmic H-bonded network in
the second half of the cycle. Thus, based on NMR studies
Herzfeld and colleagues have proposed that changes in the
‘strain’ of the retinylidene moiety are responsible for this
switch (reviewed in [6,27]). Subramaniam and Henderson
[35] proposed that measurable changes occurred in retinal
curvature upon Schiff base deprotonation, and that the result-
ing displacement of the Schiff base nitrogen atom achieved the
function of switching access from the extracellular to the cy-
toplasmic network. In a similar vein, Lanyi and colleagues
(see for example [26]) have argued that torsional effects in
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the geometry of retinal in the vicinity of the Schiff base are
responsible for the switch in accessibility.

The upward displacement of retinal near the Schiff base
brings the C-9 and C-13 methyl group into steric conflict
with Trp182, a residue in helix F (Figs. 4 and 5). The presence
of a proline residue (Prol86) one turn of the helix below
Trp182 allows the translation of this steric pressure into the
outward movement of the cytoplasmic helix F. The opening of
the cytoplasmic channel via this outward motion of helix F
and the associated rearrangements at the cytoplasmic end of
helix G represent the dominant component of the protein
conformational change that occurs during the photocycle,
and set the stage for the final events in proton transport,
beginning with the reprotonation of the Schiff base with the
proton resident on Asp96. Once reprotonated, the Schiff base
returns thermally to the all-frans state. In turn, this allows the
‘resetting’ of the conformational change and the reloading of

C-13 methyl

Asp 85

Fig. 4. Structures of all-trans 15-anti, and 13-cis 15-anti states of
retinal illustrating the small change that occurs upon isomerization.
Superposition of the structures of the unilluminated and illuminated
states of the D96N mutant from the work of Luecke et al. [32] illus-
trating the upward movement of the C-13 methyl group in the 13-
cis state.
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Fig. 5. Superposition of the structures for the closed and open
states of bacteriorhodopsin. Residue Trpl182, which is in close prox-
imity to the C-9 and C-13 methyl groups of retinal, is shown. The
upward movement of the Schiff base end of retinal results in steric
pressure on Trpl82 which, in combination with changes in electro-
static interactions due to deprotonation of the Schiff base, triggers
events that set in motion the larger global protein conformational
changes in the cytoplasmic channel.

Asp96 with a proton from the cytoplasmic side. Although
thermal isomerization can occur in principle at any stage in
the photocycle, its rate is greatly increased when both the
Schiff base and Asp85 are protonated [40], and the local flex-
ibility of the polyene chain is restricted by interactions with
Leu93 and Val49 [41]. These conditions are met at this stage
of the photocycle. With the return of the protein to the initial
state, the pK, of Asp85 is finally lowered, resulting in the
transfer of the proton to the proton release complex. The
molecule is now ready for the next cycle of light-driven proton
transport.

5. Conclusion

The crystallographic snapshots of the various stages of the
photocycle provide a fascinating glimpse of the inner work-
ings of transmembrane proton transport. It is interesting to
note that while the detailed description of the ‘path’ of the
proton is valuable, it is also the case that all of the residues in
the proton channel with the exception of Lys216 and Asp85
can be replaced without loss of the function of vectorial trans-
port. In such mutants, alternative pathways must exist to get
the proton to and from the Schiff base to the aqueous regions.
Replacements of residues in the proton channel frequently do
affect the kinetics, and sometimes even the sequence of proton
release and uptake. However, it is abundantly clear that the
subtle rearrangements of retinal and the global changes trig-
gered by retinal movements are at the heart of proton pump-
ing, and that the protein is remarkably tolerant to specific
amino acid replacements at almost all locations.
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