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Abstract

High-resolution X-ray crystallographic studies of bacteriorhodopsin have tremendously advanced our understanding of
this light-driven ion pump during the last 2 years, and emphasized the crucial role of discrete internal water molecules in the
pump cycle. In the extracellular region an extensive three-dimensional hydrogen-bonded network of protein residues and
seven water molecules leads from the buried retinal Schiff base via water 402 and the initial proton acceptor Asp85 to the
membrane surface. Near Lys216 where the retinal binds, transmembrane helix G contains a Z-bulge that causes a non-proline
kink. The bulge is stabilized by hydrogen bonding of the main chain carbonyl groups of Ala215 and Lys216 with two buried
water molecules located in the otherwise very hydrophobic region between the Schiff base and the proton donor Asp96 in the
cytoplasmic region. The M intermediate trapped in the D96N mutant corresponds to a late M state in the transport cycle,
after protonation of Asp85 and release of a proton to the extracellular membrane surface, but before reprotonation of the
deprotonated retinal Schiff base. The M intermediate from the E204Q mutant corresponds to an earlier M, as in this mutant
the Schiff base deprotonates without proton release. The structures of these two M states reveal progressive displacements of
the retinal, main chain and side chains induced by photoisomerization of the retinal to 13-cis,15-anti, and an extensive
rearrangement of the three-dimensional network of hydrogen-bonded residues and bound water that accounts for the
changed pKas of the Schiff base, Asp85, the proton release group and Asp96. The structure for the M state from E204Q
suggests, moreover, that relaxation of the steric conflicts of the distorted 13-cis,15-anti retinal plays a critical role in the
reprotonation of the Schiff base by Asp96. Two additional waters now connect Asp96 to the carbonyl of residue 216, in what
appears to be the beginning of a hydrogen-bonded chain that would later extend to the retinal Schiff base. Based on the
ground state and M intermediate structures, models of the molecular events in the early part of the photocycle are presented,
including a novel model which proposes that bacteriorhodopsin pumps hydroxide (OH3) ions from the extracellular to the
cytoplasmic side. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Bacteriorhodopsin (BR) is a highly e¤cient light-
driven ion pump in Halobacterium salinarum where
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it generates an electrochemical ion gradient that is
subsequently converted into chemical energy by a
second integral membrane protein, ATP synthase.
Bacteriorhodopsin has been the subject of nearly
three decades of intense investigation, yielding a
wealth of biochemical, spectroscopic, mutational
and structural information (recently reviewed in [1^
4]), making it the best understood ion pump. BR is a
homologue of the light-driven chloride pump
halorhodopsin [5,6], sensory rhodopsins [7], and the
structural prototype of the large family of G protein-
coupled receptors and other proteins that contain

multiple transmembrane helices. It is a small 26 kDa
protein of seven transmembrane helices with short
interhelical loops and extramembrane N- and C-ter-
mini.

Throughout the literature, BR is described as a
light-driven pump that transports protons (H�)
against an electrochemical gradient from the cyto-
plasmic to the extracellular side. This process is ener-
gized by photoisomerization of the covalently at-
tached all-trans retinal chromophore to the 13-cis,
15-anti con¢guration. A general scheme of the key
events in the transport cycle that follows is shown in

Fig. 1. Overall view of bacteriorhodopsin, shown with the retinal and residues directly implicated in ion transport. Standard orienta-
tion with cytoplasmic side on top. The arrows indicate proton transfer steps during the wild-type photocycle. The numbers refer to
their sequential order after the initial photon-driven isomerization of the retinal : (1) deprotonation of the Schi¡ base, protonation of
Asp85, yielding the early M intermediate; (2) proton release from the proton release group to the extracellular surface, yielding the
late M intermediate; (3) deprotonation of Asp96, reprotonation of the Schi¡ base, yielding the N intermediate; (4) reprotonation of
Asp96 from the cytoplasmic surface, thermal reisomerization of the retinal, yielding the O intermediate; (5) deprotonation of Asp85,
reprotonation of the proton release group, regenerating the ground state.
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Fig. 1. Understanding how these processes cause the
unidirectional translocation of ions requires detailed
knowledge of the structural changes in the K, L, M,
N and O intermediates. However, the crucial inter-
mediate is the M state, because in M the Schi¡ base
is deprotonated, Asp85 to its extracellular side is
protonated, and a proton has been released to the
surface, but Asp96 to its cytoplasmic side has not yet
become deprotonated (after step 2 but before step 3
in Fig. 1).

This review focuses on the recently determined
atomic resolution structures of BR in the ground
(`BR') state and structures of photocycle intermedi-
ates. The implications of these structures and struc-
tural changes for the pumping mechanism and its
vectoriality will be discussed. Several models of the
molecular steps in the early part of the photocycle
will be presented, including a novel mechanism that
proposes net hydroxide transport at the retinal Schi¡
base, in the direction opposite to the commonly pre-
sented proton transport scheme.

1.1. Ion pumps

Active transport of ions against their electrochem-
ical gradient across cell and organelle membranes is
carried out by proteins that couple an energy-yield-
ing reaction, such as hydrolysis of ATP, electron
transfer, or the isomerization of retinal, to the trans-
membrane movement of ions [8]. To date, a major
unsolved problem of membrane bioenergetics is the
molecular mechanism of this type of transport.
Mechanisms with predictive ability must be able to
explain in atomic detail how the free energy from the
driving reaction is utilized to change, in an ordered
way, the conformations and a¤nities of binding sites
for the transported ion. Crystallographic structures
are available only for a few transport proteins, and a
major e¡ort is currently expended to improve their
resolutions to derive detailed mechanisms of the
pumping processes. One milestone in any X-ray
structure determination is the point at which the po-
sitions of ordered water molecules become evident as
positive density features in Fo3Fc and 2Fo3Fc maps.
Although essential to fully understand ion pumping,
for integral membrane proteins this level of detail has
been achieved in only a few cases.

1.2. The photocycle by spectroscopic and mutational
studies

A large portion of the information now available
about the bacteriorhodopsin photocycle has been de-
rived and accumulated by increasingly sophisticated
spectroscopic and mutational studies [1^4]. The pro-
tonation state of the Schi¡ base and various carbox-
ylates has been studied by time-resolved visible [9]
and infrared spectroscopy [10]. Nuclear magnetic res-
onance (NMR) [11] and resonance Raman spectros-
copy [12] have yielded detailed information about the
conformation of the retinal.

Fig. 1 depicts the key events during the photocycle
and the following list summarizes the salient features
of each of the photocycle intermediates BR, K, L, M,
N and O:

b The ground (or `BR') state (Vmax = 568 nm) is the
best-de¢ned state, both in terms of ionization
states and structure. The light-adapted form con-
tains an active site with the all-trans retinal in tight
contact with surrounding protein residues, and the
protonated Schi¡ base in direct hydrogen-bonding
contact to water 402 [13,14]. Towards the extracel-
lular side, an extensive hydrogen-bonded network
leads from the Schi¡ base via water 402, deproton-
ated Asp85, W406, Arg82 and additional waters to
the initially protonated terminal proton release
group (Glu204/Glu194) near the extracellular sur-
face. This network is presumably the cause for the
observed proton equilibration between the Schi¡
base and the bulk (T1=2V0.5 ms [15]). In marked
contrast, the cytoplasmic side is very hydrophobic,
with no polar residues or ordered waters between
the Schi¡ base and protonated Asp96.

b The K state (Vmax = 590 nm) arises within a few
picoseconds of photon absorption, depositing
about 50 kcal/mol of energy into the retinal. The
K state has a reported vH of 11.6 kcal/mol, thus
about 20% of the photon energy is converted to
enthalpy and a substantial portion of this enthalpy
gain is due to charge separation [16,17]. Spectro-
scopic methods have determined a highly strained
(twisted) 13-cis,15-anti con¢guration of the retinal
in this state as evidenced by large-amplitude hy-
drogen-out-of-plane vibrations [18^20].
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b In the L state (Vmax = 550 nm), the retinal strain
has partly relaxed and hydrogen bonds of the ret-
inal, protein groups and bound waters begin to
change [21]. The conformation at this point in
the photocycle is of particular importance as the
active site is now primed for the decisive event in
the photocycle, the protonation of Asp85 and the
deprotonation of the Schi¡ base (L to M reaction).

b The M state (Vmax = 412 nm) is de¢ned by a depro-
tonated Schi¡ base and consists of at least two
substates, often referred to as M1 and M2 [22].
For this reaction to proceed, the large initial pKa

di¡erence of over 11 units between the proton do-
nor (Schi¡ base, ground state pKa of over 13) and
the proton acceptor (Asp85, ground state pKa of 2)
has to be reduced to less than one unit. Kinetic
studies on purple membrane suspensions have sug-
gested that in these substates the retinal Schi¡ base
comes to two sequential protonation equilibria
with the proton acceptor toward the extracellular
side, Asp85, equilibria that are shifted further to
deprotonation of the Schi¡ base in M2 [23]. At this
point, reprotonation of the Schi¡ base from Asp85
is no longer possible.

b In the N state (Vmax = 560 nm) the Schi¡ base has
been reprotonated while Asp96 to the cytoplasmic
side has deprotonated [24]. With Asp85 still pro-
tonated and Asp96 now deprotonated, the retinal
binding site is relaxed and accommodates prefer-
entially the 13-cis,15-anti con¢guration [25].

b The O state (Vmax = 610 nm) occurs after both re-
protonation of Asp96 from the cytoplasmic side
and thermal reisomerization of the retinal. The
driving force for its transition to BR is not clear,
but it is the last and unidirectional step of the
photocycle in which the initially very low pKa of
Asp85 is reestablished, and this residue deproton-
ates in a strongly downhill reaction to reprotonate
the extracellular proton release site [26,27], or
when a proton was not released from this site in
the L to M reaction, presumably to release a pro-
ton directly to the surface.

1.3. Structural methods

In addition to spectroscopic investigations, a large
amount of structural information about BR and its

photocycle intermediates has been obtained, with
steadily increasing resolution and accuracy. Notable
methods employed were electron microscopy of two-
dimensional crystals in projection [28], later ex-
panded to three-dimensional electron di¡raction
([29^31], Subramaniam and Henderson, this volume).
Valuable information also came from X-ray di¡rac-
tion on two-dimensional crystals [32], and more re-
cently from site-directed spin labeling in electron
paramagnetic resonance studies which yields time-
resolved distance and environment changes of specif-
ic residues [33], and atomic force microscopy [34].

2. Overall comparison of published atomic structures

Currently, the Protein Data Bank [35] contains 20
atomic coordinate entries of bacteriorhodopsin struc-
tures. This large number attests to the fact that bac-
teriorhodopsin is one of the most-studied and best-
understood integral membrane proteins. Of these
20 coordinate entries, two are theoretical models
(1BAC, 1BAD) and three are NMR structures of
fragments (1BCT, 1BHA, 1BHB) which will not be
discussed further in this review. Of the remaining
15 entries, four are electron di¡raction structures
(1BRD, 2BRD, 1AT9, 2AT9), with the former two
representing the pioneering work by Henderson and
coworkers that produced the ¢rst atomic level mod-
els of bacteriorhodopsin [30]. The remaining 11 en-
tries are X-ray crystallographic structures to varying
resolutions. Seven of these describe the ground (or
light-adapted) state (1AP9, 1BM1, 1BRR, 1BRX,
1C3W, 1C8R, 1QHJ), while four describe the struc-
tures of cryo-trapped photocycle intermediates
(1C8S, 1QKO, 1QKP, 1CWQ). One of these
(1CWQ) has been released without an accompanying
publication and will not be discussed here.

Table 1 shows the result of a least-squares align-
ment of the structures currently deposited at the Pro-
tein Data Bank with the highest-resolution structure
(1C3W, 1.55 Aî ) [14]. The root-mean-square (RMS)
deviation between aligned structures is listed for
main chain atoms, side chain atoms and all atoms.
The four electron di¡raction studies show improved
accuracy with increasing level of re¢nement and res-
olution. 1BRD [30] and 2BRD [31] can be regarded
as the grandparents of today's high-resolution struc-
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tures. However, it should be noted that despite the
fact that 2BRD served as the starting model for sub-
sequent atomic-resolution structure determinations,
the higher resolution structures, in particular the
ones at resolutions better than 2 Aî , clearly have suf-
¢ciently high observations-to-parameters ratios to
overcome the problem of model bias. In particular,
the 1.55 Aî ground state structure is based on 32 249
unique, experimentally observed re£ection intensities
for 1975 atoms (or 8300 re¢nable parameters and an
observations-to-parameters ratio of 3.9), further aug-
mented by 8209 stereochemical restraints employed
during re¢nement [14].

Contrary to a recent review article [36] which in-
sinuated that the re¢nement of the structure from
these crystals had been carried out by the question-
able means of de-twinning the original strongly

twinned re£ection intensities, re¢nement of the mero-
hedrally twinned X-ray di¡raction data was not car-
ried out by de-twinning, but rather by re¢ning
against the unmodi¢ed experimental re£ection inten-
sities, taking the contribution of both twins into ac-
count while re¢ning their relative fractions on every
cycle [37].

The majority of high-resolution bacteriorhodopsin
structures are based on crystals grown by the re-
cently developed cubic lipid phase (CLP) crystalliza-
tion method ([38,39], Landau et al., this volume).
However, two of the three structures by the groups
of Rosenbusch and Pebay-Peyroula were compro-
mised by their failure to realize the presence of
strong merohedral twinning (1AP9a in Table 1) [40]
and later by only partially correcting merohedral
twinning for the ¢nal PDB entry 1AP9.

Table 1
Overall comparison of deposited atomic bacteriorhodopsin structures with the highest resolution structure (1C3W, 1.55 Aî resolution
[14]

PDB code Main chain RMS (Aî ) Side chain RMS (Aî ) All atom RMS (Aî ) Resolution (Aî ) Method

1BRD 2.05 ^ ^ 3.5 ED
2BRD 1.88 3.55 2.82 3.5 ED
1AT9 1.19 2.00 1.63 3.0 ED
2AT9 1.28 1.68 1.49 3.0 ED
1AP9a 2.11 3.46 ^ 2.35 X-ray, CLP
1AP9 1.68 3.28 2.58 2.35 X-ray, CLP
1QHJb 0.46 1.14 0.86 1.9 X-ray, CLP
1QKOc 0.48 1.18 0.89 2.1 X-ray, CLP
1QKPc 0.48 1.17 0.89 2.1 X-ray, CLP
1CWQd 1.21 2.01 1.64 2.3 X-ray, CLP
1CWQe 1.34 2.19 1.81 2.3 X-ray, CLP
1BM1 0.89 2.15 1.63 3.5 X-ray, detergent
1BRRf 1.04 1.67 1.40 2.9 X-ray, detergent
1BRXg 0.41 1.12 0.83 2.3 X-ray, CLP
1C8R 0.19 0.30 0.25 1.8 X-ray, CLP
1C8Sh 0.55 0.98 0.79 2.0 X-ray, CLP

The main chain atoms of the deposited bacteriorhodopsin structures were aligned with 1C3W, using the program Swiss-PdbViewer
[94]. The RMS deviation between the aligned structures is given for main chain atoms only, side chain atoms only, and for all atoms.
a1AP9 as published in [40] and pre-released in January 1998.
bWhen discarding residues 5 and 6. With residues 5 and 6 included, the alignment values increase to 0.88 Aî , 1.28 Aî and 1.09 Aî , re-
spectively.
cLow-temperature K intermediates of wild type, based on entry 1QHJ.
dMolecule A (ground state) of deposited ¢le without publication.
eMolecule B (M state) of deposited ¢le without publication.
f Best of the three molecules in the asymmetric unit.
gAn accusation by Ceska that the 1BRX coordinates were changed between the time of publication and PDB deposition [95] has been
retracted recently in an Erratum [96].
hM intermediate of D96N mutant.
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One notable exception to the CLP-based structures
is the structure 1BRR [41] which was determined
from crystals grown by the traditional detergent-as-
sisted vapor di¡usion method [42,43]. Despite the
lower nominal resolution of this structure (2.9 Aî ),
the fact that it contained three independent copies
of the bacteriorhodopsin monomer per asymmetric
unit and the correspondingly high number of obser-
vations per parameter resulted in a well-de¢ned pro-
tein structure in good agreement with the current
high-resolution structures.

2.1. The overall structure

As is evident from the alignment in Table 1, the
peptide backbone of this seven-transmembrane heli-
cal protein is very similar to that described in the
initial reports at 3.5 Aî resolution [30,31]. The largest
di¡erences from earlier models are in the loop re-
gions, helix G, and in the side chains (Table 2).
The B^C interhelical loop forms a twisted anti-paral-
lel L-sheet on the extracellular surface, stabilized by
six hydrogen bonds. Bacteriorhodopsin monomers
form a very tight trimeric unit that is stabilized by
extensive hydrophobic helix^helix contacts which
bury 1376 Aî 2 (13.9% of each monomer surface),
but also includes intermolecular salt bridges between
Lys40 and Asp104 [14,41].

In addition to providing more accurate positions
of the protein and chromophore atoms, high-resolu-
tion di¡raction studies (to 2.3 Aî and better) also are
capable of locating ordered water molecules, long
thought to play a central role in the photocycle of
bacteriorhodopsin (reviews in this issue by Kandori

et al. and Dencher et al.). The positions of the ¢rst
ordered internal waters were reported in the 2.3 Aî

structure by Luecke et al. [13], including water 402
which is hydrogen-bonded at a crucial position be-
tween the ion pair of the protonated Schi¡ base and
Aps85.

The 1.55 Aî ground state structure now available
unambiguously identi¢es the con¢guration of the ret-
inal and its binding site, speci¢es all residue and
backbone interactions, locates all hydrogen-bonded
water molecules in the protein interior, and describes
the arrangement of lipids in the surrounding bilayer
[14]. A recently published 1.9 Aî resolution study by
Pebay-Peyroula and coworkers [44] using non-
twinned CLP crystals is now in excellent agreement
with the 1.55 Aî structure with the exception of water
502 in the cytoplasmic region. The structural details
of the high-resolution ground state and intermediate
structures and their implications for ion pumping
will be discussed in the following sections.

3. Details of high-resolution atomic structures

3.1. The ground state

The ground or `BR' state commonly refers to
the all-trans con¢guration of the retinal chromo-
phore as generated by illumination with white light
(called light adaptation). The following sections are
based on the 1.55 Aî structure determined from par-
tially merohedrally twinned crystals (1C3W) [14], but
with few exceptions are supported by the 1.9 Aî struc-
ture of the same crystal form determined in the ab-
sence of twinning [44].

3.1.1. The region of the retinal
The con¢guration of the all-trans retinal and sur-

rounding protein and water moieties is clearly de-
¢ned in the electron density maps (Fig. 3). The poly-
ene chain and the L-ionone ring are within 3.6 Aî

from the side chains of Trp86, Thr89, Thr90,
Met118, Trp138, Ser141, Thr142, Met145, Trp182,
Tyr185, Trp189, and Asp212. Site-speci¢c mutagen-
esis of many of these residues results in changed
absorption maxima or a changed rate of thermal
isomerization [45^49]. The side chain of Leu93, a
residue that in£uences the rate of thermal 13-cis to

Table 2
Buried surface area [67] of various bacteriorhodopsin oligomers
in the 1.55 Aî structure

Bacteriorhodopsin oligomer Buried surface area (%)

Monomer 0
Trimer 13.9
Purple membrane without lipids 15.1
Lipid^trimer contacts 39.6
Purple membrane with lipids 54.7

Forming a trimer from three monomers buries about 14% of
the accessible surface. Trimer^trimer contacts in the bilayer
(a/b) plane contribute very little (1.2%), whereas protein^lipid
contacts bury an additional 40% of the surface area.
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all-trans reisomerization in the photocycle [50], is
within 3.7 Aî of the 13-methyl group of the retinal.
From linear dichroic measurements the angle be-
tween the transition moments of the NCC5 and
the NCH vectors was found to be 70³ [51]. In the
1.55 Aî structure this angle is 75³. Furthermore, the
angle between the retinal chain and the plane of the
bilayer had been determined to be 21³ for the ground
state by polarized FTIR di¡erence spectroscopy [52],
in excellent agreement with the 1.55 Aî structure
where it is 22.5³. For independent determinations
of retinal and active site conformations see also the
articles by Heyn et al. and Herzfeld et al. in this
issue.

Fig. 3 also shows water molecule 401 near the
protonated retinal Schi¡ base, as described by
Luecke et al. [13,14]. The presence of bound water
near the negatively charged carboxylates of Asp85
and Asp212 had been suggested earlier by the e¡ects
of mutations of these residues on the frequency
shifts of O^H stretch bands during the photocycle
[53^55]. The hydrogen-bonded network, which com-
prises the positively charged Schi¡ base, three water
molecules (W401, W402, and W406), as well as
Asp85 and Asp212, stabilizes the separated charges
at the active site in the ground state. Asp85 is
kept anionic by additional hydrogen bonding of its
OD2 to the OH of Thr89, and Asp212 by hydrogen
bonding of OD1 and OD2 to the phenolic OH of
Tyr57 and Tyr185, respectively, as well as another
hydrogen bond of OD1 to W406 that connects it
to the positively charged Arg82. Disruption of the
electrostatic balance of this region upon all-trans to
13-cis photoisomerization of the retinal will destabi-
lize the active site and cause protonation of one of
the negatively charged carboxylic acids (Asp85) as
well as deprotonation of the Schi¡ base. The stabili-
zation of the anionic form of Asp212 by hydrogen

bonding with the sterically restricted tyrosines en-
sures that Asp85, rather than Asp212, is the proton
acceptor in this ¢rst and critical event in ion trans-
port.

3.1.2. The extracellular side
As shown in Fig. 6A, the Schi¡ base is connected

to Arg82 and further to the extracellular surface by
an extensive three-dimensional hydrogen-bonded net-
work. Most participants in this network were identi-
¢ed in the earlier 2.3 Aî structure [13], but at 1.55 Aî

resolution four additional ordered water molecules
(W404, W405, W406 and W407) became evident
[14]. The Schi¡ base is linked to Arg82 by a contin-
uous hydrogen-bonded chain comprising W402^OD1
of Asp85^W401^W406^NH2 of Arg82. A second
chain, comprising W402^OD1 of Asp212^OH of
Tyr57^W407, leads to NH1 and NH2 of Arg82.
The orientation of the Arg82 side chain connects it
to Asp85 via two water molecules (Fig. 6A), and
accounts for the observation that the pKa of Asp85
is increased by 4.5 pH units in the R82Q and R82A
mutants [56,57]. Arg82 is connected to the extra-
cellular membrane surface by a network comprising
W403^W404^OE1 of Glu194^OE2 of Glu194^OE1
of Glu204^OE2 of Glu204^OH of Ser193, stabilized
additionally by water molecule 405. Water molecules
404 and 405 are stabilized by hydrogen bonding with
the peptide NH and CNO groups of Tyr79.

The proton release complex is well insulated from
the aqueous medium. The region that contains water
molecules 403, 404, and 405, together with Glu194
and Glu204, is shielded from the extracellular aque-
ous interface by Ile78 and Leu201. At the C-terminal
end of helix D a buried, unpaired arginine (Arg134)
is located near Glu194. The positively charged gua-
nidinium of Arg134 interacts with three peptide car-
bonyls from residues 126, 128, and 194. This region

6

Fig. 2. Crystal of the bacteriorhodopsin D96N mutant grown in cubic lipid phase and its visible absorption spectra with varying illu-
mination. The crystals form thin hexagonal plates typically about 80U80U15 Wm and are strongly merohedrally twinned along the
thin dimension (crystallographic c-axis), likely due to macroscopic twinning. (A) The same crystal is shown in three panels : in the left
panel fully light-adapted (white light illumination, ground state), in the center panel during dim yellow light (Vs 520 nm) illumination,
in the right panel fully bleached in the M state after illumination with bright yellow light. (B) Two absorption spectra of the crystal
as shown in the left panel (purple, light-adapted ground state, Vmax = 570 nm) and the right panel (pale yellow, M state, Vmax = 412
nm). The complete loss of absorption at 570 nm, coupled with the appearance of absorption below 450 nm indicates that no residual
ground state remained after illumination with yellow light.
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Fig. 3. Electron density maps (2Fo3Fc) of the region of the active site contoured at 1c. (BR) Ground state E204Q structure showing
the all-trans retinal including the protonated Schi¡ base and water molecule 402 which is tightly hydrogen-bonded between the proto-
nated, positively charged Schi¡ base and the anionic carboxylates of the initial proton acceptor, Asp85, and Asp212 (not shown). On
the cytoplasmic side (top), water 501 is bridging the indole nitrogen of Trp182 and the peptide carbonyl of residue 215, which due to
the local Z-bulge in helix G is not participating in helical peptide hydrogen bonding [14]. (M) Early M state from 204Q mutant show-
ing 13-cis retinal with kink due to light-induced isomerization [85]. Water 402 is no longer present. In order to accommodate the 13-
cis con¢guration, the retinal C13-methyl group has begun to displace the side chain of Trp182 upwards along with water 501, breaking
the connection between Trp182 and helix G. Equally signi¢cantly, the covalently linked Lys216 chain and nearby Z-bulge undergo
large conformational changes.
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is shielded from the bulk solvent by the aromatic side
chain of Phe71.

3.1.3. The cytoplasmic side and a Z-bulge-induced
kink in the middle of helix G

On the cytoplasmic side, the 1.55 Aî structure re-
veals that transmembrane helix G contains a kink
that results from a Z-bulge at residue 215. This
causes the peptide plane between Ala215 and
Lys216 to tilt away from the helix axis, and locally
disrupts the K-helical hydrogen bonding pattern.
Thus, the carbonyl of residue 213 hydrogen bonds
with the amide of residue 218, and the carbonyl of
residue 214 interacts with the amide of residue 219.
The peptide carbonyl of Ala215 does not participate
in backbone hydrogen bonding but instead accepts a
hydrogen bond from water molecule W501 (Fig. 3).
W501 in turn forms a hydrogen bond with the indole
nitrogen of Trp182, a residue in van der Waals con-
tact with the polyene chain of the retinal. The K-
helical structure of helix G resumes on the cytoplas-
mic side of the Z-bulge, but in a direction about 15³
tilted away from the center. This results in the out-
ward displacement of the C-terminal portion of helix
G (residues 222^225) by nearly one helix diameter
when compared to a model K-helix aligned with the
N-terminal portion of helix G [14].

Such Z-bulges within K-helices have been observed
relatively infrequently [58], and appear to play
mostly structural rather than directly functional
roles. However, local weakening of the main chain
region around residues 215 and 216 was postulated
to play a role in the photocycle [14].

Further stabilization of this disrupted region is
provided by a second water molecule, W502, which
bridges the carbonyl of the residue to which the ret-
inal is attached via a Schi¡ base linkage, Lys216, to
the carbonyl of Thr46 of helix B (Fig. 6B). Water
502 is located between the Schi¡ base and Asp96,
5.0 Aî from Asp96, and 7.8 Aî from the Schi¡ base
in the all-trans retinal conformation, making it a
prime candidate for participation in proton conduc-
tion when the Schi¡ base is reprotonated by Asp96
during the photocycle. The Schi¡ base and the car-
boxyl side chain of Asp96 are 11 Aî apart, clearly
necessitating one or more carriers for ion transfer.

Through these hydrogen bonds helix G is linked
to functionally important regions including the

C13NC14 double bond of the retinal chain and
Asp96. Thus the structure provides the means for
mutual interaction of the conformation of the main
chain of helix G with the isomeric state of the retinal
and the proton a¤nity (pKa) of Asp96. This may
mediate the observed linkage of the reisomerization
of retinal to all-trans and the reprotonation of Asp96
from the cytoplasmic surface during the photocycle
[1,59,60]. Subsequent rearrangement of water mole-
cules in this region is likely to contribute also to the
required lowering of the high pKa of Asp96 during
the photocycle [61]. The high pKa in the ground state
is maintained by the hydrophobic residues Ile45,
Leu223, and Leu224 that form the sides of a barrel
around Asp96, with lids provided by Phe42, Leu99,
and Leu100 from the cytoplasmic side, and by Val49,
Leu93, and Phe219 from the direction of the retinal
Schi¡ base.

3.1.4. The lipid bilayer and temperature factors
Bacteriorhodopsin in the purple membrane inter-

acts with speci¢c archaeal lipids that in£uence the
thermal steps of the photochemical cycle [62]. Pre-
vious studies have provided some information on
bacteriorhodopsin^lipid interaction in two-dimen-
sional and three-dimensional crystals [31,41]. During
re¢nement numerous well-de¢ned di¡erence density
features were noted in the form of long narrow cyl-
inders oriented parallel to the crystallographic c-axis.
From these features 18 lipid chains were identi¢ed.
Four of these are shorter than full-length because of
lack of contiguous electron density. Four individual
pairs of full-length chains could be linked with a
glycerol backbone, thereby identifying four diether
lipids. Lipid head group densities were observed in
several instances but were not modeled because of
their lower quality and ambiguity. The fact that di-
ether lipids were observed and numerous phytanyl
methyl groups could be modeled indicates that native
purple membrane lipids [63] were carried along
through the detergent extraction of bacteriorhodop-
sin since only mono-olein, an unbranched monoacyl
lipid, was used in preparing the cubic lipid phase.
Mass spectrometry of dissolved crystals con¢rms
the presence of major archaeal lipids (unpublished
data and [44]).

The lipids form a bilayer in the spaces between
adjoining monomers and trimers (Fig. 4). Nearly
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all space between the monomers in the a/b plane is
taken up by ordered lipids. The average B factor for
lipid atoms is 57 Aî 2, as compared to 26 Aî 2 for pro-
tein atoms, re£ecting their higher thermal motion.
Since lipid bilayers are naturally £uid systems, their
thermal disorder is likely to be higher than that of
the associated protein, even when restricted by a
crystal lattice. The center of the bilayer is o¡set by
5 Aî from the center of the bacteriorhodopsin mole-
cule toward the extracellular side. Consequently, the
cytoplasmic part of the protein is considerably less
buried in lipids than the extracellular part and thus
shows higher B factors (Fig. 4). This may be relevant
to the fact that the cytoplasmic portion, but not the
extracellular portion of the protein undergoes large-
scale conformational change during the photochem-
ical cycle [64,65]. Similar conformational changes,
described as rigid-body motions of the same trans-
membrane helices as in bacteriorhodopsin, have been
detected by spin^spin distance measurements also in
visual rhodopsin [66].

The compact arrangement in the a/b crystallo-
graphic plane is identical to the biologically relevant
purple membrane (PM) sheets that also form a p3
lattice with a = b = 61 Aî [30]. Trimer formation from
monomers disregarding lipids results in a buried sur-
face area [67] of 13.9%, a fraction that increases only
slightly for trimers in PM, demonstrating minimal
direct contact between the individual trimers in the
bilayer plane. This implies that crystal contacts in the
bilayer plane are almost exclusively mediated by lipid
molecules that ¢ll the cavities between molecules.
The buried surface area of each trimer when lipids
are included increases to 14 632 Aî 2, or 54.7% (Table
2). The center of the trimer contains two lipids
(LIP608 and LIP618) per monomer which cover
8.1% of the protein surface. The remaining lipids
form an annulus around the external surface of the
trimer. The section of the protein that is buried in the
bilayer is more compact and rigid than the solvent-
exposed part. On the hydrophobic protein surface,
grooves are formed by speci¢c arrangements of the
side chains. Whether they are straight or bent, the
lipid chains are aligned with these grooves through-
out, implying speci¢c interactions between the lipid
chains and the protein surface. Theoretical models
have predicted such close lipid^protein contacts
based on van der Waals^London forces [68].

Most of the lipid tails are relatively straight, but
SQU701 adopts a pronounced S-shape, clearly evi-
dent in the electron density maps prior to lipid model
building. This feature was modeled as a squalene
molecule and is located near the middle of the bi-
layer, and tightly associated with the protein surface
where a complementary groove, formed by the side
chains of Leu19, Leu22, Val210, Val213, Val217,
Leu221, as well as by Ser214 hydrogen-bonded to
the peptide CNO of Val210, exists near the Z-bulge
of helix G. Squalene is present in purple membranes
in equimolar amount to bacteriorhodopsin [69]. Its
location at the distorted region of helix G is consis-
tent with the observation that squalene strongly af-
fects photocycle reactions [62].

3.2. The late M intermediate

The ¢rst high-resolution photocycle intermediate
structure to be published was that of the late M
intermediate [70]. It was obtained by cryo-trapping
of a photostationary state during yellow light illumi-
nation of crystals of the D96N mutant. Mutating
residue 96 from Asp to Asn dramatically slows
down decay of the M state because the Schi¡ base,
instead of being reprotonated from Asp96, now only
reprotonates after capturing a proton all the way
from the cytoplasmic surface (Fig. 1). The D96N
crystals became pale yellow after less than 1 s of
illumination with yellow light (Fig. 2A), indicating
virtually complete conversion to the M state. Com-
parison of visible spectra recorded from cryo-cooled
crystals of the ground and M state of this mutant
con¢rmed complete conversion to the M state.

3.2.1. Structure of the D96N mutant in the ground
state

Virtually no di¡erences between the ground state
(light-adapted) form of the D96N mutant and the
wild-type protein were detected, except at the loca-
tion of the residue change. The hydrogen bond be-
tween the carboxyl oxygen of the protonated Asp96
and the hydroxyl of Thr46 in the wild type is re-
placed by a new water, 504, that bridges ND2 of
Asn96 and OG1 of Thr46. A structural role for res-
idue 96 in the ground state, implied by these results,
is not evident from electron di¡raction of D96N at
3 Aî resolution [71], but was anticipated from a struc-
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Fig. 4. Re¢ned temperature factors and ordered lipid chains. (A) The transmembrane protein is surface-colored according to re¢ned
temperature factors (blue lower, red higher). The ordered lipid chains (green) are arranged in a bilayer with the upper lea£et colored
in light green and the lower lea£et in dark green. The bilayer is in the crystallographic a-b plane which obeys the same p3 symmetry
as the naturally occurring two-dimensional purple membrane crystals. Note that bacteriorhodopsin is not symmetrically embedded in
the bilayer; the cytoplasmic side (top) projects further from the bilayer surface and displays higher temperature factors than the extra-
cellular side (bottom). This asymmetric arrangement, if preserved in other seven transmembrane helical proteins, might be necessary
for the observed large conformational changes in the cytoplasmic loops during G protein-coupled receptor signaling. Viewed from
above, the lipids form a tightly packed annulus round the trimeric bacteriorhodopsin units (not shown) which is responsible for the
crystalline order in the a-b plane. (B) Plot of the average re¢ned temperature factor of the main-chain atoms vs. residue number. The
B factors are lowest in the center of the bilayer (less than 20 Aî 2) and highest for the loop regions. The four residues at positions
157^161 are not modeled [14].
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tural di¡erence between the D85N and D85N/D96N
mutants [72].

3.2.2. Retinal binding pocket and the active site
According to overwhelming evidence from reso-

nance Raman and NMR spectra, the con¢guration
of the retinal in the M state is 13-cis,15-anti. The
disposition of the polyene chain and its changes in
M, as well as its angle to the membrane plane and its
changes have been estimated from transient linear
dichroism in the visible and the infrared during the
photocycle [73]. Earnest et al. reported the angles
between the conjugated Z system of the retinal and
the bilayer plane in the ground and M states to be
21³ and 28³, respectively [52]. The positions of the
ring and the 13-methyl group in the ground state
have been determined with neutron di¡raction of
protein with speci¢cally deuterated retinals [74].
The X-ray crystal structure of the cryo-trapped late
M intermediate clearly shows that the retinal indeed
assumes the 13-cis,15-anti con¢guration. The kinking
of the cis-retinal moves the polyene chain between
C10 and the Schi¡ base nitrogen towards the cyto-
plasmic side. The largest relative movement is for C14

which is displaced by 1.7 Aî . The 13-methyl group
moves by 1.3 Aî toward the cytoplasmic side. In com-
parison, the movement of the L-ionone ring, by 0.4 Aî

towards the Schi¡ base, is relatively minor. The
measured angles between the conjugated Z system
of the retinal and bilayer plane for the BR and M
states are 20.2³ and 29.6³, respectively, in excellent
agreement with the polarized infrared results [52].
For independent determinations of retinal and active
site conformations see also the articles by Heyn et al.
and Herzfeld et al. in this issue.

In response to the photo-induced retinal iso-
merization, the entire active site undergoes consider-
able rearrangement. The retinylidene nitrogen
moves toward the cytoplasmic side by 0.9 Aî and its
electron pair turns away from Asp85. The OD1 of
Asp85 is now 1.2 Aî farther away from the Schi¡ base
nitrogen. Either because of the isomerization of the
retinal, or because of the proton transfer that follows
it, water molecules 401, 402 and 406 are replaced
by a single water, that is positioned 1.9 Aî from water
401 in the ground state and now occupies a position
near the center of gravity of the former three
water molecules (Figs. 3 and 6). The protonated

Asp85 has lost all its former hydrogen bonding part-
ners, except water 401, while Asp212 retains its con-
nection to the phenolic OH groups of Tyr185 and
Tyr57, and forms a new hydrogen bond to water
401 and to the previously unsatis¢ed indole nitrogen
of Trp86.

The main chain and side chain of Lys216 move,
with the K-carbon accommodating the cis-retinal
kink by a 1 Aî motion in the extracellular direction.
The side chain of Trp182 is displaced by 1.5 Aî in the
cytoplasmic direction because of its proximity to the
13-methyl group, resulting in breaking the water-
mediated connection between Trp182 and the car-
bonyl of residue 215 (Fig. 6). The side chain of
Leu93, also near the 13-methyl, is rotated by about
90³ (M1 by 326³, M2 by 365³). Trp86, on the extra-
cellular side of the retinal, tilts toward the polyene
chain that has moved away from it. Residues that
contact the L-ionone ring, Trp138, Ser141, and
Met145, are moved much less, consistent with its
lesser displacement. It appears, therefore, that the
steric con£ict that develops upon the rotation of
the C13NC14 double bond between the retinal chain
and the protein involves primarily the 13-methyl
group and the side chains of three residues that
make contact with it and with the retinal chain.
The slowing of thermal reisomerization of the retinal
during the photocycle in mutants of Leu93 [27,75], as
well as in W182F [48], had suggested such an inter-
action.

In late M the measured pKa of the Schi¡ base is
greatly lowered [76], and it has been assumed that
this is largely because the retinylidene nitrogen is
displaced into a highly hydrophobic region by iso-
merization of the retinal. The structure con¢rms that
this is indeed the case. The cytoplasmic side that the
Schi¡ base faces in M shows no ordered waters and
is strongly hydrophobic in character due to the side
chains of Leu93 and Val49. Likewise, there are dras-
tic changes around Asp85 that account for the pro-
posed [77^79] greatly increased pKa of this residue.
Two of its three previous hydrogen bonds are lost,
and in the third, to water 401, the carboxyl oxygen of
Asp85 could now be the proton donor, further sta-
bilizing its protonated state. The structure near
Asp85 (Fig. 6B) is consistent with dehydration as
the cause of the high frequency of the protonated
carboxyl stretch of this residue [79].
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3.2.3. The extracellular side
Toward the extracellular side, a three-dimensional

network of hydrogen-bonded side chains and water
leads from the active site of the ground state (Asp85)
to the residues that participate in the release of a
proton to the extracellular surface upon protonation
(Arg82, Glu194, and Glu204, Fig. 6A). One contin-
uous chain is through water 406 which connects both
Asp85 (through waters 401 and 406), and Asp212
(through water 406), to NH1 of Arg82 [14]. A second
chain, from Asp85 to both NH1 and NH2 of Arg82,
in the ground state is through water 402, Asp212,
Tyr57 and water 407. Both chains are fragmented
in M because waters 402 and 406 are absent and
the side chain of Arg82 moves downward (CZ is
displaced by 1.6 Aî along the z axis, Fig. 6B).

In the ground state NH1 and NE of Arg82 are
both connected to Glu194, through water molecules
403 and 404, while the side chain oxygens of Glu194
and Glu204 form a direct hydrogen bond, presum-
ably via a shared proton [14,41]. In M, Glu194 re-
tains its connection only with the NE of Arg82. The
connection between Glu194 and Glu204 is now
through water 404 (Fig. 6). Loss of the direct hydro-
gen bond between Glu194 and Glu204 in the M state
would be expected if the source of the released pro-
ton were a proton shared between Glu194 and
Glu204 [14,41], or either Glu204 or Glu194. Indeed,
the positive charge of Arg82 is now closer to the two
glutamates, and would stabilize them if they were
both anions after release of the proton to the extra-
cellular surface.

3.2.4. The cytoplasmic side
Low resolution (v 3 Aî ) di¡raction di¡erence maps

in projection [71,80], and cryo-electron microscopy
of tilted samples [64], had indicated that large struc-
tural changes occur in the cytoplasmic (but not the
extracellular) region of the protein in the M and N
intermediates. The most prominent of these are the
tilt of the cytoplasmic end of helix F away from the
center of the protein, and an increase of density of
uncertain origin at helix G. These two helices are
strongly and uniquely a¡ected in the M state.
From the electron density maps and the re¢ned tem-
perature factors of main chain atoms it is clear that
the cytoplasmic ends of helices F and G are disor-
dered between the E^F interhelical loop and residue

176, and beyond residue 222, respectively. This is
unlike the ground state of D96N, where these regions
could be modeled as far as to the surface as residues
162 and 231, respectively [70]. In the region where
the temperature factors were low enough to allow
modeling, notable RMS deviations between the
ground and M states of D96N could be seen in helix
G, but not in helix F with the exception of the two
residues nearest its disordered segment. The move-
ment of the main chain at these two residues is
away from the center of the molecule as concluded
earlier from projection di¡erence maps [64,65,71,80],
with the K-carbon of the ¢rst residue to move,
Val177, displaced by 1.6 Aî . The tilt in this M state
involves therefore only the segment between residues
162 and 177, rather than the entire cytoplasmic half
of helix F, with Tyr185 and Pro186 acting as hinge
as was often assumed. The position of the ring of
Tyr185 also remains virtually unchanged in M. No
major displacements of the main chain are evident in
helices A^E.

The main chain movements within helix G involve
the local region around Ala215 and Lys216, where
the Z-bulge was described [14]. The peptide carbonyl
of 215, which in the ground state is tilted outward
and away from the helix axis, is now aligned with the
helix axis. In contrast, the peptide of carbonyl 216,
which in the ground state accepts a hydrogen bond
from amide 220, is now tilted away, resulting in a
loss of the K-helical hydrogen bond. These local con-
formational changes of the Z-bulge are likely to be a
direct consequence of the strain induced by isomer-
ization of the covalently linked retinal.

The barrier to proton conduction in the cytoplas-
mic region at this point in the photocycle must be
due to a lack of polar residues capable of proton
transport, coupled with a constellation of hydropho-
bic residues that occlude the interhelical region. The
side chains of the most prominent of these hydro-
phobic residues, Leu93 and Phe219, rotate away so
as to provide the possibility of a pathway between
the surface and the Schi¡ base. Unlike in the wild
type, the very slow decay of the M state of the D96N
(at pH 7, d is tens of seconds) is limited by proton
uptake at the surface [81^83], and its greatly in-
creased entropic barrier was suggested to re£ect a
structural requirement for capturing the proton
from the bulk [81]. Presumably, M decay occurs
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when either hydrogen bonding groups (of necessity,
water molecules) form a transient proton-conducting
network from the surface to the Schi¡ base, or mo-
bile water molecule(s) carry a proton through a tran-
sient pathway. This structural transition will not yet
have taken place in M, although the disorder of the
cytoplasmic ends of helices F and G hint at confor-
mational changes that make the region above Asn96
more permeable to water.

3.3. Other intermediates

3.3.1. A low-temperature K intermediate
Shortly after publication of the late M intermedi-

ate structure, the 2.1 Aî structure of a low-temper-
ature K intermediate obtained by continuous illumi-
nation with green light (532 nm) at 110 K (denoted
KLT) was reported [84]. The study determined 35%
occupancy for the KLT state, with the balance as-

sumed to be ground state. Analysis showed a dimin-
ishing of the electron density at the ground state
position of water 402, coupled with a mutual ap-
proach of the carboxylates of Asp85 and Asp212,
as well as the beginning of a locally disrupted hydro-
gen bonding network at residue 216 in helix G.

Spectroscopy indicates that the retinal is not re-
laxed in the K state [18^20]. However, due to lack
of detailed information in this KLT study, the retinal
was restricted to a planar 13-cis,15-anti geometry
with the protonated Schi¡ base pointing toward the
cytoplasmic side [84]. The implications of this orien-
tation for the mechanism of the early steps in the
photocycle will be discussed in Section 4.

3.3.2. An early M intermediate
Very recently, we determined the structure of the

M state produced in a photostationary state of the
E204Q mutant [85]. This mutant blocks proton re-

Fig. 5. Stereo representation showing the progressive light-induced conformational changes in the retinal region from the ground state
(colored beige), to the early M state (colored blue, E204Q mutant), and to the late M state (colored red, D96N mutant). The hydro-
gen bond between the Schi¡ base and water 402 which is present only in the ground state is shown in gold, and the hydrogen bond
between the deprotonated Schi¡ base and Thr89 in the early M state is shown in green.

C

Fig. 6. Stereo views of the structure and hydrogen bonding region in the ground state (A) and the M state (B). The M state view is a
composite comprised of the retinal region and cytoplasmic side (top and center) of the early M structure (where the E204Q mutation
has minimal e¡ects) and the extracellular side (bottom) of the late M structure (where the D96N mutation has minimal e¡ects). The
extensive hydrogen bonding network leading to the extracellular surface found in the ground state is fragmented in the M state. Spe-
ci¢cally, waters 402 and 406 are lost, new hydrogen bonds are formed between Trp86 NE and Asp212 OD1, and between Tyr83 OH
and Glu194 OE1; the now protonated carboxylate side chain of Asp85 has lost hydrogen bonds from water 402 and Thr89 OH; the
guanidinium moiety of Arg82 has moved away from the Schi¡ base and toward the extracellular side (downward). In contrast, the
very apolar cytoplasmic region between Asp96 and the Schi¡ base in the ground state is starting to show an ordered network of water
molecules (W504, W503, W502), forming a chain from the proton donor in the M to N reaction, Asp96, to the carbonyls of residues
215 and 216 which are within 5 Aî of the deprotonated Schi¡ base.
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lease [86] (Fig. 1, step 2), and we expected that the M
state that accumulates in these crystals under yellow
light illumination would re£ect features of an earlier
M state, unlike the late M intermediate produced
from D96N crystals. Many of the structural changes

observed in the early M are similar, but of lesser
magnitude than those in the previously determined
late M [70].

As in the case of the D96N late M, this M was
cryo-trapped after brief (6 1 s) illumination at am-
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bient temperature. The ground state structure at
1.7 Aî resolution reveals that structural rearrange-
ments upon the conservative replacement of a pro-
tonated glutamic acid with a glutamine are more
extensive than in the case of the D96N mutation
[70]. However, all changes are con¢ned to the extra-
cellular side. Furthermore, the M state structure of
E204Q is considerably better ordered than the one
previously reported for the M state of the D96N
mutant, in particular the cytoplasmic ends of helices
F and G [70]. The increase in resolution from 2.0 Aî

for the late M structure to 1.8 Aî for the early M
intermediate is accompanied by dramatically im-
proved electron density maps (Fig. 3) in which new
water molecules could be localized. The crystallo-
graphic R factors are also much improved.

Fig. 3 shows density maps of the region of the

retinal, Asp85, and other neighboring residues in
the ground and M states of the E204Q mutant.
The rotation of the C13NC14 double bond, and
lack of rotation of the C14^C15 single bond and
the C15NN double bond are all evident, as expected
for the 13-cis,15-anti con¢guration. Also noted are
the changed hydrogen bonding of water molecule
501, the absence of water 402, and the appearance
of water 503 in the M state.

The Schi¡ base nitrogen is displaced by 0.6 and
0.9 Aî , and the CE of the connected Lys216 chain by
1.3 and 1.1 Aî , in the early and late M states, respec-
tively (Fig. 5). Already in the early M state, a rota-
tion around the CB^CG bond of Asp85 moves OD2
and OD1 relative to both the Schi¡ base NZ, and
OG1 of Thr89 to which Asp85 is hydrogen-bonded
in the ground state. OD1, in particular, which is
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hydrogen-bonded to water 402 (and water 401, not
shown) in the ground state, is displaced by 1.6 Aî . In
both M states waters 402 and 406 are absent. All
other changes immediately to the extracellular side
of the Schi¡ base in the early M are the same as
described for the late M [70].

On the extracellular side, Arg82 moves toward the
proton release complex despite the fact that the
E204Q mutant does not show proton release at this
point in the photocycle. This suggests that the main
event that triggers the side chain motion is the pro-
tonation of Asp85 in the L to M reaction. The re-
ported asymmetry between the guanidinium nitro-
gens of Arg82 in the M state of the wild-type
protein by solid-state NMR [87] is consistent with
its highly asymmetric environment in the structure
of both M intermediates (Fig. 6B).

On the cytoplasmic side, two additional ordered
water molecules could be located. A sequence of
atomic displacements along a chain that extends
from the Z-bulge of helix G to Thr46, and repacking
of hydrophobic side chains between Trp182 and
Asp96, both initiated by conformational changes of

the retinal, move the Thr46 hydroxyl and the Asp96
carboxyl apart and allow the intercalation of a water
molecule, 504, resulting in the observed lowering of
its pKa. Water 504 is hydrogen-bonded, in turn, to
another new water, 503, which is hydrogen-bonded
also to water 502 that is present in both M and the
ground state (Fig. 6). Waters 504, 503 and 502 are
beginning to form a hydrogen-bonded chain from
the proton donor in the M to N reaction, Asp96,
toward the Schi¡ base. The functional implications
of these waters will be discussed in the next section.

4. Clues to function from structure

With several high-resolution structures of the
ground and intermediate states available, a new level
of understanding of the prototypical ion pump bac-
teriorhodopsin can be achieved. Based on the exact
positions of ordered (but nevertheless mobile) water
molecules in combination with the elucidation of de-
tailed conformational changes of the retinal and pro-
tein, we are now in a position to propose very de-

Fig. 7. Three mechanistic models of the early events in the photocycle leading to deprotonation of the Schi¡ base and protonation of
Asp85 (L to M reaction) and a comparison with a proposed chloride (Cl3) pumping model for halorhodopsin and the D85S/T mutant
of bacteriorhodopsin. (A) Water 402 is still bridging the Schi¡ base and Asp85. This scenario would imply an L state retinal with
large deviations from the relaxed 13-cis,15-anti conformation, which could be achieved by counter-rotations around the C13NC14,
C14^C15 and/or the C15NN bonds to point the Schi¡ base proton toward the extracellular side. For simplicity, this ¢gure is drawn
with a pure C15NN counter-rotation similar to dark-adapted (13-cis,15-syn) retinal. In a concerted reaction, water 402 would lose a
proton to Asp85 while receiving the Schi¡ base proton. Subsequently, the retinal could relax into a less strained 13-cis,15-anti con¢gu-
ration. (B) A variation of model A without water 402 present. This model involves a close approach of the Asp85 carboxylate to the
protonated Schi¡ base for direct proton transfer. As in the case of model A, severe torsional strain of the retinal bonds between C13

and the Schi¡ base nitrogen would be necessary to continue pointing the Schi¡ base proton towards the extracellular side in spite of
the 13-cis conformation of the retinal. (C) Novel model of bacteriorhodopsin as a net hydroxide (OH3) pump from the extracellular
to the cytoplasmic side, instead of the commonly assumed pumping on protons (H�) in the opposite direction. This model is mainly
based on the presence of water 402 in a key position in the ground state structure (Figs. 3A, 5 and 6) [13,14] and its absence in both
M structures (Figs. 3B, 5 and 6) [70,85]. The light-driven all-trans to 13-cis,15-anti isomerization of the retinal in the BR to K transi-
tion generates signi¢cant electrostatic con£ict for the anionic pair of Asp85 and Asp212 by displacing the positively charged Schi¡
base away from the pair and by reorienting the Schi¡ base proton towards the very apolar cytoplasmic region. In the hydroxide
pumping model this con£ict would be resolved by a concerted sequence of events: (1) The anionic aspartates display sharply elevated
pKas (proton a¤nities). Nearby water 402, already highly polarized by being located between three formal charges, loses a proton to
Asp85, generating a hydroxide ion (OH3). (2) This newly created mobile hydroxide anion would be attracted by the Schi¡ base cation
on the cytoplasmic side of the retinal. (3) The OH3 would move to the cytoplasmic side and due to its basicity (proton a¤nity) im-
mediately abstract the proton from the Schi¡ base to yield a deprotonated Schi¡ base (M state) and a water. (D) A model for chlo-
ride (Cl3) pumping by the D85S/T mutant of bacteriorhodopsin and the naturally occurring chloride pump halorhodopsin [5,6]. Note
the analogy to the hydroxide pumping model in C. Due to the replacement of one anionic aspartate immediately below the Schi¡
base (Asp85) with a neutral hydroxyl moiety, the weak base chloride now replaces water 402 between the positively charged Schi¡
base and Thr85 in the ground state. Upon light-induced isomerization of the retinal the chloride anion (analogous to the transiently
generated hydroxide anion in model C) would follow the Schi¡ base to the cytoplasmic side of the retinal. Due to the lower basicity
(proton a¤nity) of the chloride vs. hydroxide, the Schi¡ base remains protonated throughout this photocycle [5,6].
6
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tailed mechanisms for the molecular events in the
early part of the photocycle.

A light-driven ion pump must convert the photon
energy into a meta-stable conformational state whose
subsequent relaxation is coupled to the unidirectional
movement of ions. In the case of BR, isomerization
of all-trans to 13-cis retinal could in principle result
in two fundamentally di¡erent conformations for the
L state. One conformation would contain a highly
strained 13-cis retinal that would maintain a Schi¡
base N^H orientation toward the extracellular side
through severe torsional strain of the bonds between
C13 and the Schi¡ base nitrogen. Two mechanisms
based on this L conformation are presented below in
Section 4.1.1.

Alternatively, the L state could be comprised of a
much less twisted 13-cis,15-anti retinal with a Schi¡
base orientation toward the cytoplasmic side. Light-
induced transfer of the Schi¡ base N^H from the
hydrophilic environment of water 402 and the two
aspartic acids 85 and 212 on the extracellular side
into the very hydrophobic environment formed by
Leu93 and Val49 on the cytoplasmic side would sug-
gest an entirely di¡erent mechanism for the initial
proton transfer, discussed in Section 4.1.2 below.

4.1. The role of water 402 in the early photocycle

Three alternative mechanisms for the ¢rst and cru-
cial ionization change in the bacteriorhodopsin pho-
tocycle (the deprotonation of the Schi¡ base and the
protonation of Asp85, Fig. 1, step 1) are presented.
These mechanisms attempt to address in detail the
question of how the Schi¡ base becomes deproton-
ated and Asp85 protonated in the L to M reaction.
They are based on the presence of water 402 in the
ground state (Figs. 3A,6A), which was ¢rst identi¢ed
in 2.3 Aî structure [13], and subsequently con¢rmed
by 1.9 Aî [44] and 1.55 Aî [14] studies, and its absence
in both the early [85] and late M structures [70].

4.1.1. Bacteriorhodopsin as a proton pump
Bacteriorhodopsin is commonly regarded as a

light-driven pump that actively translocates protons
from the cytoplasmic to the extracellular side. The
two mechanistic models of the early events in the
photocycle leading to deprotonation of the Schi¡
base and protonation of Asp85 (L to M reaction)

in this section are consistent with net proton pump-
ing. They are based on di¡erent assumptions about
the position of water 402 in the L state for which no
high-resolution structure has been determined to
date.

(A) In the ¢rst model, water 402 is still bridging
the protonated Schi¡ base and anionic Asp85 in the
L state. This scenario would imply a retinal with
large deviations from the relaxed 13-cis,15-anti con-
formation in the L state, which could be achieved by
counter-rotations around the C13NC14, C14^C15 and/
or the C15NN bonds to point the Schi¡ base proton
toward the extracellular side. For simplicity, Fig. 7A
depicts a pure C15NN counter-rotation similar to
dark-adapted (13-cis,15-syn) retinal. In this model,
water 402 would lose one proton to Asp85 while
receiving the Schi¡ base proton in a concerted reac-
tion. After neutralization of the Schi¡ base/Asp85
charge pair the retinal could relax into a true 13-
cis,15-anti con¢guration.

(B) This model is a variation of model A with
water 402 no longer present. After loss of water
402 in the early events after photoisomerization,
the model postulates a close approach of the Asp85
carboxylate to the protonated Schi¡ base for direct
proton transfer (Fig. 7B). As in the case of model A,
severe counter-rotations of the retinal bonds between
C13 and the Schi¡ base nitrogen would be necessary
to continue pointing the Schi¡ base proton towards
the extracellular side in spite of the 13-cis conforma-
tion of the retinal. The L to M transition would
proceed by direct proton transfer from the Schi¡
base to Asp85, followed by a relaxation of the un-
protonated retinal into 13-cis,15-anti.

In the scheme of model A it is not apparent why
the thermally accessible dark-adapted state with a
13-cis,15-syn retinal [88,89] would not result in a
similar proton transfer reaction. Presumably, retinal
strain in the L intermediate in the form of distorted
single and double bonds would lead to this di¡erent
outcome.

The negative di¡erence density at the position of
water 402 in the low-temperature K (KLT) structure
[84] appears to favor mechanism B. However, neither
mechanism A nor B is supported by the retinal con-
formation selected for the KLT state that arises im-
mediately before the L state for the following reason.
Both models require substantial counter-rotations
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around the C13NC14, C14^C15 and/or the C15NN
bonds to point the Schi¡ base proton toward the
extracellular side whereas the KLT structure (PDB
codes 1QKO/1QKP), for lack of relevant structural
information, was modeled as a relaxed 13-cis,15-anti
retinal with the Schi¡ base pointing toward the cy-
toplasmic side [84].

4.1.2. Bacteriorhodopsin as a hydroxide pump
The third model presented here postulates that

bacteriorhodopsin functions as a net hydroxide
(OH3) pump from the extracellular to the cytoplas-
mic side instead of the commonly assumed pumping
of protons (H�) in the opposite direction. This model
is largely based on the presence of water 402 in a key
position in the ground state structure (Figs. 3A,5 and
6) [13,14] and its absence in both M state structures
(Figs. 3B,5 and 6) [70,85]. The light-driven all-trans
to 13-cis,15-anti isomerization of the retinal in the
BR to K transition generates signi¢cant electrostatic
con£ict for the anionic pair of Asp85 and Asp212
[16], by displacing the positively charged Schi¡ base
away from the anion pair and by reorienting the
Schi¡ base proton towards the very apolar cytoplas-
mic region. In the hydroxide pumping model this
con£ict would be resolved by the following concerted
sequence of events (Fig. 7C):

1. The anionic aspartates Asp85 and Asp212 display
sharply elevated pKas (proton a¤nity). In this
model, nearby water 402, already highly polarized
by being located between three formal charges,
donates a proton to Asp85, generating a hydrox-
ide ion (OH3).

2. This newly created mobile hydroxide anion would
be repelled by the still anionic Asp212 on the ex-
tracellular side and attracted by the Schi¡ base
cation on the cytoplasmic side of the retinal about
4 Aî away.

3. The OH3 would move to the cytoplasmic side
and, due to its high basicity (proton a¤nity), im-
mediately abstract the proton from the Schi¡ base
to yield a deprotonated Schi¡ base (M state) and
a water. The general hydrophobicity of the cyto-
plasmic region would ensure that this proton
transfer reaction, which results in two uncharged
entities (the unprotonated Schi¡ base and a
water), is virtually irreversible. The net e¡ect of

this scenario, taking into account the thermal re-
isomerization of the reprotonated retinal later in
the photocycle, would be the transport of one hy-
droxide past the retinal, from the extracellular side
to the cytoplasmic side.

This mechanism would provide a means for con-
verting the energy stored in the isomerized retinal
into a largely electrostatic driving force for ion trans-
location. Vectoriality would be achieved through
irreversible charge separation following the dissocia-
tion of water 402 into H� and OH3, and movement
of OH3 to the cytoplasmic side. Later events in the
photocycle could be facilitated by relaxation of the
remaining steric con£icts between the retinal and the
active site, in particular with Trp182.

Another attractive feature of this model is the re-
sulting conceptual similarity of bacteriorhodopsin
and halorhodopsin. Both proteins would function
as anion pumps (Fig. 7D), and the fact that the sin-
gle-site mutation Asp85 to Ser85 (D85S) turns bac-
teriorhodopsin into a chloride pump [90,91] could be
explained in very simple terms. As a net hydroxide
pump, BR would require the net translocation of one
hydroxide from the extracellular to the cytoplasmic
side per pump cycle. Most reactions that are viewed
as pure proton transfers in the older models would
now have to be accompanied by a water transloca-
tion in the opposite direction. For example, the pro-
ton transfer during the Schi¡ base reprotonation
from Asp96 in the M to N reaction (Fig. 1, step 3)
would require a concomitant net water movement
from the Schi¡ base to Asp96 in order to yield
an overall hydroxide translocation. The observed
loss/disordering of water molecules on extracellular
side (waters 402 and 406), combined with the ap-
pearance/ordering of new waters on cytoplasmic
side (waters 503 and 504) in the early M structure
is a strong indication of the central role discrete
water molecules play in the bacteriorhodopsin photo-
cycle.

The two mechanisms in Section 4.1.1 propose in-
direct or direct transfer of the Schi¡ base proton to
Asp85 on the extracellular side. In these cases, the
energy necessary to drive the L to M reaction would
not be due to a photo-induced charge separation.
The majority of the energy would have to be derived
from the steric and torsional strain of the active site
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due to photoisomerization that in turn would mod-
ulate the proton a¤nities of key ionizable groups.

In contrast, the hydroxide pumping model in this
section proposes a photo-induced charge separation
early in the photocycle (K and L states) which would
drive OH3 translocation past the retinal in the L to
M reaction. In this context it should be noted that
Mitchell's chemiosmotic hypothesis did not rule out
OH3 transport in favor of H� transport [92].

4.2. The role of other internal waters

In the ground state, the extracellular side displays
an extensive hydrogen-bonded network including
seven water molecules. In contrast, the scarcity of
ordered water molecules on the cytoplasmic side ex-
plains why bacteriorhodopsin does not passively con-
duct ions in the ground state. In the M intermediates,
the situation has changed signi¢cantly. We observe
decreased hydration and a fragmentation of the or-
dered network on the extracellular side, and at the
same time increased hydration on the cytoplasmic
side. This shift in hydration o¡ers an explanation
for the substantial pKa changes of Asp85 (increase)
and Asp96 (decrease) during M and N states of the
photocycle. While by no means conclusive, this shift
would be congruent with the movement of water past
the retinal during the photocycle.

The water chain forming from Asp96 toward the
Schi¡ base suggests the beginning of a pathway for
ion conduction in the otherwise hydrophobic half
channel. There is reason to believe that the structures
of the photocycle intermediates following the M state
will reveal the molecular details of ion transport on
the cytoplasmic side.

4.3. The role of arginine 82

The structures of the early and late M intermedi-
ates clearly show that pronounced downward motion
of the guanidinium moiety of Arg82 is a direct con-
sequence of electrostatic changes at the active side
that are leading to the protonation of Asp85 in the
L to M transition. This motion of a charged group
away from the Schi¡ base and toward the proton
release group a¡ects the pKas of several ionizable
residues, leading to a lowering of the pKa of the
proton release group that results in the release of a

proton to the extracellular surface. This mechanism
of long-distance electrostatic coupling of the proton-
ation states of Asp85 and the proton release group
via movements of the Arg82 side chain explains the
importance of this side chain in ion translocation
[93].

The last step in the photocycle, the resetting of the
pump to the ground state (Fig. 1, step 5), requires
transfer of a proton from Asp85 to the proton re-
lease group. This proton transfer over a distance of
about 13 Aî has to involve Arg82, but due to the high
pKa of the guanidinium moiety it is unlikely that the
proton transfer involves transient deprotonation of
Arg82. In the hydroxide pumping mechanism, in ad-
dition to this proton transfer, the translocation of a
water from the extracellular surface to replace water
402 between Asp85 and the Schi¡ base is required.
This additional water translocation over more than
15 Aî would provide an explanation for the slow rate
constant of the O to BR reaction.

5. Future directions

A complete picture of the conformational changes
during the bacteriorhodopsin photocycle will require
the determination of the high-resolution structures of
the K, L, N, and O intermediates. One problem in
this endeavor is the fact that all these intermediates
can only be obtained at partial occupancies due to
spectral overlap with each other and the ground
state. Crystallographic analysis of moderate structur-
al changes in these intermediates is far more chal-
lenging when carried out with a background of the
ground state structure.

The structure of the late M intermediate as ob-
tained from the D96N mutant [70] has serious short-
comings on the cytoplasmic side due to the high
degree of disorder encountered. Structural determi-
nation of the structure of a late M intermediate with
helices F and G ordered all the way to the cytoplas-
mic surface might provide clues of how the large
conformational changes on the cytoplasmic side are
brought about. However, crystal packing, speci¢cally
the interference of the BC loop of one molecule with
the conformational changes at the cytoplasmic sur-
face of a molecule in the next layer of the crystal,
might prevent the formation of a homogeneous pho-
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tostationary state. This complication might also af-
fect the N and O intermediates.

Of particular interest will be the structure of the L
intermediate as this is the conformation immediately
preceding the deprotonation of the Schi¡ base. De-
termination of the precise conformation of the retinal
and the position of water 402 and Asp85 at this time
in the photocycle will undoubtedly advance our
understanding of molecular events that lead to the
deprotonation of the Schi¡ base.
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