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Abstract

Bacteriorhodopsin is a small retinal protein found in the membrane of the halophilic bacterium Halobacterium salinarum,
whose function is to pump protons across the cell membrane against an electrostatic potential, thus converting light into a
proton-motive potential needed for the synthesis of ATP. Because of its relative simplicity, exceptional stability and the
fundamental importance of vectorial proton pumping, bacteriorhodopsin has become one of the most important model
systems in the field of bioenergetics. Recently, a novel methodology to obtain well-diffracting crystals of membrane proteins,
utilizing membrane-like bicontinuous lipidic cubic phases, has been introduced, providing X-ray structures of
bacteriorhodopsin and its photocycle intermediates at ever higher resolution. We describe this methodology, the new
insights provided by the higher resolution ground state structures, and review the mechanistic implications of the structural
intermediates reported to date. A detailed understanding of the mechanism of vectorial proton transport across the
membrane is thus emerging, helping to elucidate a number of fundamental issues in bioenergetics. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Nature has provided a great variety of mechanisms
for generating a proton-motive gradient across a cell
membrane, the centerpiece of Mitchell’s theory of
chemiosmotic coupling [1] which forms the heart of
modern bioenergetics. The inner membrane of mito-
chondria contains a series of respiratory chain mem-
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brane proteins [2] which utilize the energy released by
the downhill transfer of electrons from a substrate,
NADH or succinate, to a final acceptor, oxygen
(which is reduced to water), so as to pump protons.
Conversely, the thylakoid membrane of chloroplasts
[3] contains a series of membrane protein complexes
which harvest energy from visible light so as to drive
the uphill transfer of electrons, released through the
oxidation of water, to a final electron acceptor
(NADP™") and, simultaneously, pump protons. The
predominant consumer of the energy stored within a
transmembrane proton-motive potential, ATP-syn-
thase, is a highly conserved protein found in mito-
chondria, chloroplasts, aerobic and photosynthetic
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bacteria. The membrane bound component of ATP-
synthase (Fo-ATPase) couples the back diffusion of
protons so as to generate a mechanical torque which
is transferred, via the y-subunit, to the soluble com-
ponent of ATP-synthase (F-ATPase) [4] and cata-
lyzes the release of ATP from the F,-ATPase active
site. This mechanism maintains the overall displace-
ment of the concentration of ATP (relative to that of
ADP and P;) several orders of magnitude from equi-
librium, and this excess of ATP acts as the basic
energy currency of the cell.

Bacteriorhodopsin (bR) [5] is the simplest known
proton pump. It is found in the membrane of Halo-
bacterium salinarum, an extremely halophilic bacte-
rium that grows in harsh salt conditions. This small
(26 kDa) integral membrane protein contains a chro-
mophore, a retinal molecule covalently bound to
Lys216 through a Schiff base linkage, and harvests
light energy so as to transport protons from the cy-
toplasm to the extracellular side of the membrane.
The proton-motive potential thereby created couples
directly to ATP synthesis. Because of its relative sim-
plicity, exceptional stability and the fundamental im-
portance of vectorial proton pumping, bR has be-
come one of the most important model systems in
the field of bioenergetics. Furthermore, its propensity
to naturally form two-dimensional crystals in the
purple membrane (PM) resulted in it being the first
integral membrane protein whose structure has been
elucidated. Pioneering two-dimensional electron crys-
tallography studies [6] showed that the protein con-
sists of seven transmembrane o-helices that pack as a
trimer within the purple membrane. Further structur-
al characterization [7] suggested the pathway along
which protons are transported by the sequence spe-
cific exchange of a proton between charged residues.

Bacteriorhodopsin has been a target for X-ray
crystallographers in the last 25 years, but resisted
almost all attempts, using conventional detergent-
based crystallization, to yield well-ordered crystals
that diffract to high resolution, with one noteworthy
exception [8]. It was only following the recent intro-
duction of a novel crystallization concept using lipi-
dic cubic phases [9] that a dramatic improvement in
the resolution attainable in three-dimensional X-ray
diffraction studies of the ground state [10,11] as well
as the K [12] and My [13] intermediate states of bR
could be achieved. Another approach for crystalliz-

ing bacteriorhodopsin using vesicle fusion recently
yielded three-dimensional crystals [14]. In this review
we discuss the unique properties of lipidic cubic
phases and highlight the predominant changes in
our structural understanding of both the ground
state of bR, and the intermediates of its photocycle,
since the development of lipidic cubic phase crystal-
lization. In Section 2 we describe some of the prob-
lems and shortcomings related to conventional crys-
tallization techniques and the properties that render
lipidic cubic phases attractive as crystallization ma-
trices for membrane proteins. Section 3 focuses on
the X-ray crystallographic structure of bR in the
ground state, including the surrounding lipid mole-
cules and water molecules within the protein, as de-
termined from crystals grown in the lipidic cubic
phase. Section 4 describes the most recent develop-
ments facilitating the structural characterization of
the intermediates of the photocycle through kinetic
crystallography. Section 5 concludes with reflections
on the quest for an atomic level mechanism for vec-
torial proton transport by bR, and the likely impact
of continued kinetic crystallography studies using
crystals grown in the lipidic cubic phase.

2. Lipidic cubic phases: an alternative approach to
membrane protein crystallization

Modern structural biology has witnessed tremen-
dous advances due to rapid developments in the soft-
ware and hardware available for solving structures of
ever more complex biological macromolecules. But
whereas the number of soluble protein structures
has surpassed 10000, and the rate of appearance of
new structures is increasing steadily, the major stum-
bling block in attaining high resolution structures of
membrane proteins by X-ray crystallography is the
expedient and reproducible growth of well-ordered
three-dimensional crystals. The difficulty in crystalliz-
ing membrane proteins arises from their surface du-
ality: such proteins possess hydrophilic surfaces,
which are exposed to the aqueous medium, as well
as very hydrophobic surfaces, which interact with the
non-polar chains of lipids. Because crystallization re-
quires as a starting point a homogeneous and mono-
disperse solution of the protein at a relatively high
concentration, conditions must be found such that
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both hydrophobic and hydrophilic surfaces of the
protein will be stably solubilized. Should this basic
condition not be fulfilled, then the protein might
rapidly aggregate to amorphous species preventing
ordered crystal growth. The first breakthrough took
place in the early 1970s, when it has been found that
detergents are efficient in solubilizing membrane pro-
teins [15,16]. Introduction of detergents led to sub-
stantial advances in the area of membrane protein
biochemistry, and indeed as early as in 1980 three
independent reports of crystallization of membrane
proteins appeared [17-19]. However, these crystals
were of low quality, and 5 more years elapsed until
the first high resolution structure of a membrane
protein — a bacterial photosynthetic reaction center
— was accomplished [20]. Structural determination of
other membrane proteins progressed comparatively
slowly, and was limited to proteins that do not de-
nature easily. To date less than 20 high resolution
structures of membrane proteins are available.

The reasons for this state of affairs are not abso-
lutely clear. It seems, however, that detergents are
not ideal substitutes for the native membrane lipids,
as they undergo rapid exchange between the micelles
and solubilized monomers [21]. Moreover, in many
cases it is very difficult to form monodisperse pro-
tein-detergent mixed micelles, and some detergents
are notorious for denaturing membrane proteins.
We therefore initiated an exploration into alternative
means of solubilization, stabilization and crystalliza-
tion of membrane proteins using lipid bilayers. The
system that we developed consists of lipidic cubic
phases, which are the most complex structures
formed upon mixing lipids with water. Cubic phases
exist in two principally different arrangements: the
closed discontinuous micellar array, in which lipid
micelles are packed in a cubic lattice surrounded by
an aqueous compartment (Fig. 1A) and the bicontin-
uous cubic phase, which exhibits a three-dimension-
al, continuous membrane bilayer that separates two
aqueous channel systems (Fig. 1B). In both systems,
water-soluble solutes, such as salts or soluble pro-
teins, freely diffuse in the aqueous compartment. In
contrast, lipophilic or amphiphilic compounds, such
as membrane proteins and detergent molecules, par-
tition into the lipidic compartment. In the closed
micellar array, the long-range lipid diffusion is re-
stricted to exchanges within micelles, with lipid ex-

Fig. 1. Schematic representation of the two classes of lipidic cu-
bic phases. (A) The closed discontinuous micellar array, dis-
playing rod-like micelles packed in a cubic lattice and sur-
rounded by an aqueous compartment. (B) The bicontinuous
cubic phase, exhibiting a three-dimensional, curved membrane
bilayer separating two aqueous channel systems. With permis-
sion from CRC Press, Boca Raton, FL.

change between micelles exceedingly infrequent [22].
In the case of continuous membrane systems, diffu-
sion of both water-soluble and lipid-soluble substan-
ces is possible. We therefore hypothesized that labile
membrane proteins could be stabilized upon incor-
poration into continuous bilayers. Subsequent lateral
diffusion could form nucleation sites into which the
addition of molecules would be facilitated by diffu-
sion along the three-dimensional curved bilayer. This
hypothesis provides the basis for our crystallization
concept [9,23,24].

Crystals of bR obtained in the lipidic cubic phase
are typically very small, measuring between 25 and
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75 um in the largest, and 5-10 um in the smallest
dimension. Nonetheless, with the availability of mod-
ern synchrotron sources, and especially the microfo-
cus beamline ID13 at the European Synchrotron Ra-
diation Facility (ESRF) in Grenoble, France, we
were able to solve the first high resolution structure
of bR [25], which was followed by the first complete
structure of a biological membrane, the purple mem-
brane, to 1.9 A resolution [10]. Significantly, bR in
such 3D crystals undergoes the well-characterized
light-induced photocycle [26], indicating that the
structures are biologically relevant. This finding
also provided the basis for our subsequent experi-
ments aimed at trapping intermediate states in bR
crystals, of which the first high resolution structure
of the early intermediate, Ky [12], will be discussed
in greater detail in Section 4 of this review. It is
noteworthy that lipidic cubic phase crystallization
has been successfully used by other groups, solving
the high resolution structures of bR in the ground
state [11,27] and of the D96N mutant in the ground
and My-intermediate states [13]. Moreover, we have
recently demonstrated that bR crystals can be ob-
tained from lipidic cubic phase omitting any use of
detergent [28]. Finally, the lipidic cubic phase crys-
tallization approach is not limited to bR, and could
be applied to other membrane proteins.

3. High resolution structures of bR in the ground state

The first structure of bR, determined by electron
crystallography [6,7], revealed a seven-transmem-
brane helix protein organized as trimers which natu-
rally form 2D crystals in the bacterial membrane,
denoted as purple membranes. A seven-transmem-
brane a-helix motif has since proven to be more
general, being shared by other retinal proteins. The
initial structure was subsequently improved and re-
fined to 3.5 A resolution [29]. More recently, electron
crystallographic structure to 2.8 A resolution [30,31]
revealed the presence of two B-strands in the BC
loop. In parallel, X-ray structures were elucidated
from 3D crystals obtained by different approaches:
crystals grown from lipidic cubic phases
[10,11,25,27], providing the highest resolution, crys-
tals grown from detergent solution by epitaxy [8],
and crystals obtained from vesicle fusion [32]. Mer-

ohedral twinning was detected in bR crystals grown
from lipidic cubic phases [27]. Extensive screening of
crystals revealed twinning ratios that vary from 0%
to almost 50% and can assume any intermediate val-
ue. In the following paragraphs we will first discuss
our most recent work on the 1.9 A resolution ground
state structure (Fig. 2) derived from non-twinned
crystals [10], and compare it to the results of other
groups.

3.1. Structure of bR, waters and lipids: the first high
resolution structure of a biological membrane

Our high-resolution X-ray structure of bR reveals
various interesting aspects: in addition to the precise
location of the side chains, a series of well-ordered
water molecules within the putative proton pathway,
lipid molecules bound to the protein and some as-
pects of the dynamical properties of the protein have
been established. In the 3D crystals grown from lipi-
dic cubic phases bR is arranged as trimers in the ab
plane. The trimers have the same hexagonal crystal-
line arrangement as in the purple patches, and are
packed as layers along the c-axis.

The overall structure of bR consists of seven trans-
membrane o-helices labeled A to G (Fig. 2), linked
by loops. The loops are relatively short except loop
BC, which forms two antiparallel B-strands on the
extracellular surface, and loop EF on the cytoplasmic
surface. The C-terminal end of the protein, from res-
idues 233 to 248, is disordered in the crystal and was
not located. The chromophore, a retinal, is cova-
lently bound via a Schiff base to Lys216 in helix G.
The retinal is buried in a hydrophobic environment
located in the core of the protein, formed by several
tryptophan residues (W86, W182, WI89, WI138)
which restrict the initial isomerization about the
C13=C14 bond during the photocycle. Extensive
studies relating proton transfer measurements and
spectroscopic characterization using bR mutants
identified the key residues that participate in the pro-
ton transfer mechanism. Two residues are of pivotal
importance: Asp85 on the extracellular side, and
Asp96 on the cytoplasmic side of the Schiff base.
Asp85 was identified to be the primary proton accep-
tor in the early part of the photocycle, whereas
Asp96 is the proton donor in the second half of
the photocycle.
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Cytoplasmic

Extracellular

Fig. 2. Overall view of the seven transmembrane helices of bR
(entry 1qhj in the protein data bank [10]). The helices are col-
ored according to the sequence numbering: from blue (N-termi-
nus) to red (C-terminus). The residues known to play an impor-
tant role in the proton translocation, as well as the retinal, are
represented.

Eight well-ordered water molecules were located in
the extracellular half of the protein within the puta-
tive proton transfer pathway (Fig. 3). They form a
hydrogen bonded network extending from the Schiff
base, which is the primary proton donor located in
the middle of the membrane, to Glul94 and Glu204,
residues which are known to be involved in the pro-
ton release [33] and which are located almost at the
EC surface (Figs. 2 and 3). This network includes
residues Asp85, the primary proton acceptor,
Asp212 and Arg82, all of which are known to be
important for proton translocation [34]. The posi-
tively charged Schiff base is neighboring to two neg-
atively charged residues, Asp85 and Asp212 on its
extracellular side. In the ground state, stabilization
of these charged groups is achieved via water mole-
cules, most notably water 402, which bridges between

the Schiff base nitrogen and 032 of Asp85. On the
cytoplasmic side, no such hydrogen bond network is
evident. The entrance into the reprotonation path-
way from the cytoplasmic side is in the vicinity of
Asp38, and is delineated by several negatively
charged residues that form a proton attractive envi-
ronment: Aspl02, Aspl04 and Asp36, as well as
negatively charged residues of the C-terminal end.
The putative proton transfer pathway from Asp96
to the Schiff base is surrounded by hydrophobic res-
idues (Val49, Leu93 and Phe219) and does not show
an obvious path for proton transport in the ground
state structure, implying the necessity for structural
rearrangements facilitating the reprotonation of the
Schiff base.

The purple membrane (PM) is a stable and func-
tional entity formed by bR (75% of the total mass)
and lipids, which are predominantly polar lipids de-
rived from 2,3-di-O-phytanyl-sn-glycerol. It was
shown that glycolipids are essential in the organiza-
tion of bR within the PM, presumably by stabilizing

Fig. 3. Hydrogen bonded network in the putative proton trans-
location pathway from the Schiff base to the extracellular me-
dium. The network connects several of the residues known to
be important in the proton transfer, Asp85, Asp212, Arg82,
Glul94 and Glu204, as well as water molecules (shown in red).
Interatomic distances in A are shown in red.
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Fig. 4. Lipid/protein interaction. The bR trimer is viewed from
the extracellular side toward the interior of the membrane. Lip-
ids L1, L2 and L3, shown in the center of the trimer, are re-
lated by a 3-fold symmetry and mediate the trimerization of the
protein. The aliphatic chains of the lipids interact with hydro-
phobic residues in helices B and C of bR (not shown). Tyr64
forms a hydrogen bond with the lipid ether group, and the in-
dole ring of Trp80 interacts with the lipids.

the trimers. Specifically, it was found that PM lipids
are important in the formation of the 2D crystals as
well as in the kinetics of the photocycle [35]. Packing
considerations show that ten lipid molecules can be
arranged in the purple membrane per bR monomer.
In our electron density maps, nine phytanyl moieties
(18 chains) could be located: five in the extracellular
and four in the cytoplasmic sides of the protein. In
some of the electron densities the aliphatic chains
could be clearly identified as phytanyl chains with
the characteristic branched methyl groups, but the
head groups could not be identified. Mass spectro-

metric analyses of the crystals and the purple mem-
brane showed that the composition of the lipids in
the crystals is the same as that in the PM. Interest-
ingly, bR crystals do not contain any monoolein,
which is present in huge excess in the crystallization
setups. The head groups of the glycolipids, known to
be located on the EC side of the membrane, were
located by low resolution neutron diffraction using
lipids with deuterated head groups [36]. Their loca-
tions are compatible with two phytanyl moieties in
our structure: one in the center of the bR trimer
(Fig. 4), the second at the periphery of the trimer.
Both interact with tryptophan residues, Trp80 and
Trpl0 or Trpl2, respectively.

In addition to providing the atomic positions in a
protein structure, X-ray crystallography provides a
dynamical parameter, the temperature factor (B-fac-
tor). Intrinsically, B-factors are a mixing of static
disorder and dynamical properties, and therefore
the relative variations of the B-factors within the
structure are more relevant than their absolute val-
ues. Bacteriorhodopsin exhibits a totally asymmetric
B-factor distribution from the extracellular to the
cytoplasmic side. In all seven helices the variation
follows the same trend: the B-factors are almost con-
stant from the extracellular medium to the center of
the membrane, followed by a rapid increase toward
the cytoplasm. Marked differences in the stiffness of
the protein between the extracellular and the cyto-
plasmic halves were described earlier [37]. Although
not obvious from the ground state structure, this
asymmetric distribution certainly has a role in the
function of the proton pump. The B-factors follow
a similar trend in another high resolution structure of
bR grown in the lipidic cubic phase [11].

3.2. Comparison with other structures

Various coordinate files of the ground state struc-
ture of bR are available in the PDB. An extensive

Table 1

The root-mean-square deviation (r.m.s.d.) between various bR models and our 1qhj model [10]

Model lew3 [11] 1brr [8] 2brd [29] 2at9 [31]
R.m.s.d. on all atoms (A) 0.66 0.83 Not determined Not determined
R.m.s.d. on main chain atoms (A) 0.45 0.52 2.032 1.36°

2The largest deviations are located in loops AB, BC and EF.
PThe largest deviations are located in loops AB and EF.
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comparison of some of these structures was recently
published [38]. This analysis clearly demonstrated
that the overall backbone structures of all are practi-
cally the same in the helical regions, as seen in Table
1. Here, we focus on the comparison of the two
structures displaying the highest resolution: I1qhj
[10] and 1c3w [11]. Both structures were indepen-
dently obtained from crystals grown in monoolein-
based lipidic cubic phases and were solved to 1.9 A
and 1.55 A resolution, but refined in different ways.
The structure by Luecke et al. [11] was solved from
data collected from crystals exhibiting 28% twinning.
It was refined directly against the experimental inten-
sities using the program ShellX, which is a well-
known procedure for dealing with twinning, first de-
veloped for small molecule crystals. Our structure to
1.9 A resolution [10] was solved from non-twinned
data and refined in a standard way with the program
CNS, commonly used in protein crystallography. De-
spite the different approaches, the two structures are
very similar, exhibiting a root-mean-square deviation
(r.m.s.d.) of 0.66 A and 0.45 A on all atomic posi-
tions, and on the main chain atoms, respectively. The
largest deviations are located in loops AB and EF.
Twenty-six and 23 water molecules were located in
1ghj and 1c3w respectively, of which 14 are identical,
one is displaced by 1.7 A and the remaining are
different. Most of the differences are found among
the water molecules situated on the surface of the
protein, which might be a consequence of either
slightly different crystallization conditions or differ-
ent refinements. The most interesting water mole-
cules are those located within the putative proton
translocation pathway. On the extracellular half of
the protein, from the Schiff base to Arg82, the waters
are identical in both structures. Deviations appear in
the region between Arg82 to Glul94 and Glu204, the
proton release dyad (one molecule displaced by 1.7 A
and one additional in 1ghj). The major difference
concerns a water molecule which in 1¢3w is hydrogen
bonded to the carbonyls of Lys216 and Thr46, but is
not detected in 1qhj. The lipid chains are globally
similar although the connections relating two chains
together are different in some of the lipids.

Another recent structure of bR (1brr), refined to
29A by Essen et al. [8], resulted from crystals grown
by a completely different approach: the protein was
crystallized by epitaxial growth on benzamidine crys-

tals. As a consequence, the packing is different from
that observed in crystals grown from cubic phases.
Interestingly bR still packs as a trimer, although not
related by a crystallographic symmetry axis. How-
ever, in this crystal form the trimers are packed in
a head-to-tail arrangement and do not form a purple
membrane-like structure. It is noteworthy that two
lipid molecules, originating from the purple mem-
brane and co-purified with the protein, could be de-
tected in these crystals: one in the trimer center,
which is important for the trimer stability, and the
second at the interface between two monomers. Both
of these lipids are also present in the previously de-
scribed structures.

The convergence in the high resolution structures
of bR in its ground state provides a solid basis for
further structural investigations of the photocycle.

4. Structural intermediates in the photocycle of
bacteriorhodopsin

4.1. Kinetic crystallography

In spite of notable improvements in the resolution
of the ground state structures during recent years, a
detailed atomic level description of the mechanism of
vectorial proton transport by bR is still awaited. A
key element in this mechanism is the switching of
accessibility from the extracellular to the cytoplasmic
side, and in order for it to be understood at the
atomic level at least a few of the key photocycle
intermediates must be structurally characterized.
The tendency of bR to naturally form two-dimen-
sional crystals within the purple membrane has facili-
tated a number of intermediate trapping and time-
resolved studies in two dimensions characterizing the
predominant structural rearrangements during the
later stages of the photocycle. These studies have
been performed using electron diffraction [39-45],
neutron diffraction [46-48] and X-ray diffraction
[49-54]. Intermediate trapping protocols have been
established by controlling the pH, humidity and tem-
perature of the sample, as well as the time delay
following a short light pulse prior to flash freezing.
Studies have been performed on wild type bR and on
a number of mutants. A recent review of this consid-
erable body of work is given by Haupts et al. ([S5],
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Table 3) and a systematic two-dimensional study of
the light induced structural rearrangements during
the bR photocycle was recently published [44].
From these accumulated results has emerged the
understanding that, during its photocycle, a large
scale conformational change occurs in wild type bR
approx. 1 ms following illumination, with the stron-
gest changes being observed on helices G, B and F.
These conformational changes have been interpreted
as an ordering of the cytoplasmic end of helix G and
an outward tilt of helix F [40,42,43], which widens
the proton channel on the cytoplasmic side and
seems likely to play a role in the mechanism of re-
protonation of the Schiff base in the second half of
the photocycle. Additionally, Bullough and Hender-
son [56] trapped a low temperature K-intermediate
by cooling 2D crystals of wild type bR to 77 K prior
to illumination, as did Hendrickson et al. [45] trap a
low temperature L-intermediate by cooling glucose
embedded 2D crystals of wild type bR to 170 K prior
to illumination. Due to limited resolution, neither
study revealed any significant change in electron den-
sity in projection for these states of the photocycle
that occur prior to the deprotonation of the Schiff
base.

With the recent availability of high quality three-
dimensional crystals grown in the lipidic cubic phase
it might be envisioned that pulsed laser triggering,
coupled to rapid X-ray diffraction data collection
could provide an avenue for structurally characteriz-
ing the intermediates of bR’s photocycle at high res-
olution. These methodologies have recently been es-
tablished via time resolved Laue diffraction studies,
with nanosecond resolution, of the photolysis of a
carbon monoxide and myoglobin complex [57] as
well as the light initiated photocycle of the photo-
active yellow protein (PYP) [58]. Practical limitations
in the Laue technique [59], primarily the high sensi-
tivity to crystal mosaicity, severely limit the quality
of the resulting structural information and appear to
rule out any possibility of time resolved studies using
a white X-ray beam probe. Fast monochromatic data
collection strategies may, superficially, appear to be
more feasible when structurally characterizing longer
lived structural intermediates. Such an approach,
however, requires a large number of oscillation an-
gles to be collected when acquiring a complete data
set. With bR crystals grown in lipidic cubic phases

the weak crystal contacts between the stacked planes
of the purple membrane along the c-axis [25] result in
the crystal rapidly becoming highly disordered along
that axis after only a small number of turnovers of
the photocycle (unpublished results). This rapid dis-
ordering precludes the possibility of a complete X-
ray diffraction data being recovered from a single
crystal at high resolution during a room temperature
pump-probe experiment.

Intermediate trapping, or kinetic crystallography,
therefore provides the only realistic approach to ex-
tract structural information on the intermediates of
the bR photocycle. In this approach conditions are
found whereby a large population of the desired in-
termediate builds up within three-dimensional crys-
tals, and monochromatic data collection at low tem-
peratures is used to acquire high quality structural
information. The weakness of the technique is that
the recovered structural information does not derive
from a protein cycling through its photocycle at am-
bient temperatures. Hence spectroscopic evidence is
required to characterize the intermediate trapped at
low temperature and to establish its relationship with
a physiological intermediate. The power of inter-
mediate trapping techniques, however, lies in the
fact that kinetic crystallography provides a direct
path to high quality structural information superior
to that accessible through a Laue approach, as illus-
trated by freeze-trapping studies on crystals of the
carbon monoxide myoglobin complex [60] and of
the photoactive yellow protein [61], which were
cooled prior to illumination. To date, structural re-
sults from two intermediate trapping protocols have
been reported in connection with kinetic crystallog-
raphy studies on bR using three-dimensional crystals
grown in lipidic cubic phases.

4.2. Structural rearrangements during the
bacteriorhodopsin photocycle

An early intermediate in the photocycle was
trapped in crystals of wild type bR [12] by first cool-
ing the crystals to 110 K within a cryostream of
nitrogen, and subsequently illuminating these crystals
with intense green light (A =532 nm). Prior to X-ray
diffraction data collection, single crystal microspec-
trophotometry was used to establish the spectral
changes under these conditions, and a spectral shift
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to longer wavelength, characteristic of the low tem-
perature K-intermediate (Kpr) [62] was identified.
During X-ray diffraction data collection green light
was transported to the crystal via an optical fiber,
which rotated with the crystal, thereby maintaining
identical conditions to those used during the spectral
characterization of the trapped intermediate. X-Ray
diffraction data were first screened for merohedral
twinning ratios, and only those with twinning ratios
less than 2% were selected. Difference electron den-
sity maps between the photoexcited and ground state
data sets were calculated directly.

A need for caution in developing any trapping
protocol can be illustrated by the observation that,
at 110 K, the spectral changes strongly depend on
the intensity of the illuminating green light. At low
intensity the observed population of the Kipr-inter-
mediate was small, and above a certain threshold
intensity the shape of the observed difference spectra
changed markedly, presumably due to light induced
heating within the core of the protein. As such an
optimum between conditions yielding a high popula-
tion of the desired intermediate, and conditions for
which the desired spectral change was visible, was
required. This was achieved in practice by recording
both X-ray and spectral data over a wide variety of
illumination intensities and correlating the observed
structural and spectral changes.

The difference electron density map (Fexe—Faround)
for the low temperature K-intermediate, overlaid on
the refined ground state model and its 2F,ps—Fealc
electron density (light purple), is shown in stereo in
Fig. 5a: positive electron density changes are colored
blue and negative electron density changes are col-
ored yellow. All negative electron density peaks lie
within the ground state electron density, and the
positive peaks are displaced by the resolution of
the map (2.1 A) from their corresponding negative
feature. A negative electron density peak near the
Cj3 =Cy4 isomerized bond (purple) suggests an up-
ward movement of the retinal in this region. This
peak, however, is not complemented by an equally
strong positive feature, indicating an increased disor-
der near the isomerized bond. A negative/positive
density pair lying on/adjacent to the side chain of
Lys216 (cyan), to which the retinal is covalently
linked through a protonated Schiff base, represents
a sideways movement of this residue caused by the

retinal’s photoisomerization. The effects of the iso-
merization also appear to be mechanically trans-
ferred along the side chain of Lys216 to its back-
bone, as a paired negative/positive electron density
features on its carbonyl oxygen show a local down-
ward movement at the location of Lys216 along the
backbone of helix G very early on in the photocycle.
The strongest feature in the difference Fourier map is
a negative peak on W402 (red), a water molecule
which, in the ground state, separates the negatively
charged Asp85 (the primary proton acceptor) and
Asp212 [63] from the positively charged Schiff base
(the primary proton donor) through the hydrogen
bonds illustrated in Fig. 5b. Upon isomerization of
the retinal the protonated Schiff base no longer as-
sumes an orientation facilitating the hydrogen bond
to this water molecule and, consequently, W402 be-
comes dislocated. This dislocation of a key water
molecule appears to initiate a movement of Asp85
(orange), which shifts towards the position originally
occupied by the Schiff base, visualized by the paired
negative and positive electron density feature on
both the side chain and the carbonyl oxygen of this
residue. A smaller positive density feature is also
visible near Asp212 (orange), as are weaker positive
and negative features seen on Trp86 (white).

The positive and negative electron density changes
visible in the difference Fourier map (which displays
the least model bias of any crystallographic analysis
[64]) were used extensively to interpret the early
structural rearrangements in the bR photocycle.
These rearrangements were confirmed by refinement,
as described in [12], an analysis which also yielded a
population of 35% for the trapped intermediate. The
refined model (black) is shown in stereo in Fig. 5b
and, when overlaid on the ground state model (col-
ored as in Fig. 5a), this structure for Kt displays all
the movements described above.

In a second intermediate trapping experiment crys-
tals of the D96N mutant of bR, also grown in the
same monoolein-based cubic phase, were used to
structurally characterize a later photocycle intermedi-
ate [13]. By replacing Asp96, a residue known to play
a key role in the reprotonation of the Schiff base
during the M to N transition of wild type bR, the
lifetime of the late M-state (termed My-state in the
D96N mutant [55]) is considerably prolonged (at pH
7, t=tens of seconds). The trapping protocol used
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Fig. 5. Structural changes at the active site of bR during the photocycle. (a) Stereo view of the difference electron density map (yel-
low, negative; blue, positive density) showing the light induced movements for the low temperature K-intermediate (Kpt) overlaid on
the ground state model and the 2F,ps—Fcye ground state electron density. The retinal (purple), Lys216 (cyan), Asp85 (orange) and
Asp212 (orange) are colored. (b) Stereo view of the Kr-intermediate (black, entry 1gko of the protein data bank) overlaid on the
ground state model (colored as above, the ground state model of 1gkp in the protein data bank). All structural movements visible in
the difference electron density map were confirmed by refinement. (c) Stereo view of the My-intermediate (black) overlaid on the
ground state model of the D96N mutant (colored as above, entries IC8R and 1C8S in the protein data bank). Identical, yet exagger-
ated, movements are seen at the active site for the My-intermediate as were seen for the Kjr-intermediate.

«—

was to initially cool crystals to 100 K within a cold
nitrogen stream, to then block the nitrogen stream
for three seconds while illuminating the crystals with
yellow light, and then re-freeze the crystals within the
cold nitrogen gas stream [13]. An ambiguity as to the
temperature (both the average and the peak) of the
crystals during illumination thus arose, and possible
implications of this uncertainty on the likely compo-
sition of the trapped intermediate state (or states)
were not discussed. On the basis of visual inspection
of the crystals, which appeared colorless, the trapped
intermediate was identified as representing pure M.
This was further classified as pure My [13] from the
knowledge that the lifetime of this sub-state is pro-
longed in the D96N mutant. Omit electron density
maps (Fobs—Fealc) from merohederally twinned data
were used in refitting the retinal, side chain confor-
mations and locating water molecules, and the model
was then refined directly using SHELXL-97 (which
also refines the merohedral twinning ratio), assuming
100% yield for the trapped intermediate state. Both
the refined ground state and excited states models of
Luecke et al. are shown in Fig. 5c, viewed from the
same angle as that used in Fig. 5a,b.

Despite differences between wild type bR and the
D96N mutant used in trapping the My-intermediate,
the very different intermediate trapping protocols,
and the subsequent crystallographic analyses used
for structurally characterizing the two intermediates,
both structures (Fig. 5b,c) show movements of a very
similar nature near the active site and there is no
doubt that these movements are, in fact, a conse-
quence of the initial light induced retinal isomeriza-
tion. As would be expected, the movements for the
later state are considerably more pronounced than
those of the early intermediate, which illustrates
that the trapping protocol of Luecke et al. facilitated
a greater degree of structural relaxation following
photo-excitation than that of Edman et al. For the

later intermediate an exaggerated upward movement
of the C;3 methyl group of the retinal (Cy) pushes
against Leu93, which rotates, and Trpl182, which
moves upwards (neither residue is illustrated), an ac-
tion which has been anticipated as a mechanism
whereby a large movement on the cytoplasmic end
of helix F may be induced [43]. Interestingly, the
direction of the movement of the primary proton
acceptor, Asp85, differs between the two structures:
towards the Schiff base for the K t-intermediate and
away from the Schiff base for the My-intermediate.
This may reflect the fact that Asp85 and the Schiff
base are negatively and positively charged respec-
tively in the early state, and therefore hold a mutual
electrostatic attraction, whereas both groups are neu-
tral in the M-state. Along the extracellular proton
pumping channel the trapped M-state structure
shows that the early dislocation of Wat402 (Fig.
S5a) induces further structural disordering which
propagates downwards, disrupting the H-bond net-
work formed by the waters Wat400 (Fig. 3, labeled
W406 in Luecke et al. [11]) and Wat401, and a new
water molecule appears at the center of mass of the
positions originally occupied by these waters. Fur-
thermore, the protonated Arg82, which is linked in
the ground state structure to Asp85 and Asp212
through this network of water molecules, adopts a
downward conformation in the M-state, a mecha-
nism which was suggested to mediate the release of
a proton from Glul94 and Glu204 [13], two residues
which have been identified as being involved in pro-
ton release to the extracellular surface [33].

Despite the prolonged lifetime of the My-state of
the D96N mutant, the large scale structural rear-
rangements on the cytoplasmic side of the mem-
brane, observed in numerous two-dimensional elec-
tron microscopy [40,42-45], X-ray diffraction [49-54]
and neutron diffraction [46-48] studies on both wild
type bR and the D96N mutant, were not unambig-
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uously resolved in three dimensions. The predomi-
nant observation by Luecke et al. [13] in this cyto-
plasmic region was a disordering of the last 12 resi-
dues of helix F and the last three residues of helix G.
Undoubtedly further M-state structures, from both
wild type and mutants using a variety of trapping
protocols, will emerge as the debate evolves.

5. Conclusions

The considerable improvement in resolution
brought about by the lipidic cubic phase crystalliza-
tion of bR [9] will certainly continue. Two goals
concerning these advances would be to recover X-
ray diffraction data with sufficient resolution so as
to refine the retinal-Schiff base linkage free from geo-
metrical and torsional constraints, and to identify
cation binding sites [65-67].

More excitingly, perhaps, is the possibility opened
up by the first three-dimensional intermediate struc-
tures captured through kinetic -crystallography.
While the initial structures [12,13] indicate an impor-
tant mechanistic role for electrostatic interactions,
and for the water molecules located in the extracel-
lular half of the proton translocating pathway, a
mechanism of vectorial proton transport has not
yet emerged in atomic detail. There is, however, no
shortage of suggestions. An early proposal that, after
the initial retinal isomerization about the C;3=C4
bond, a second rotation about the Cy4-C;s single
bond [68] would facilitate the proton transfer to
Asp85, appears to be in conflict with later resonance
Raman studies [69] indicating that the retinal re-
mains in the 13cis-15anti configuration throughout
the L-, M- and N-intermediates. More recently it
has been proposed that a decrease in the curvature
of the retinal polyene chain upon deprotonation of
the Schiff base, observed in high resolution X-ray
diffraction studies of a number of retinylidene com-
pounds, can act as a mechanism for switching the
Schiff base access from the extracellular side to the
cytoplasmic side following the primary proton trans-
fer event [44]. Luecke et al. [13] argued that the re-
orientation of Arg82 observed in their My structure
plays a key role the vectoriality of the proton trans-
fer. Upon proton release this movement was sug-
gested to push the equilibrium towards the late M-

state, and the resulting high pK, of Asp85 ensures
that the Schiff base is reprotonated from the cyto-
plasmic side.

Further characterization of the structural changes
during bR’s photocycle is required so as to unambig-
uously establish the mechanism of vectoriality. The
underlying principles of vectorial transport thereby
revealed will certainly have relevance to the pumping
mechanism of the respiratory chain terminal oxidases
[70], the coupling of proton back-diffusion to a me-
chanical rotation by the membrane bound F,-ATP-
ase [71], and on membrane transport in general.
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