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Abstract Lipidic cubic phase-grown crystals yielded high res-
olution structures of a number of archaeal retinal proteins, the
molecular mechanisms of which are being revealed as structures
of photocycle intermediates become available. The structural
basis for bacteriorhodopsin’s mechanism of proton pumping is
discussed, revealing a well-synchronized sequence of molecular
events. Comparison with the high resolution structures of the
halide pump halorhodopsin, as well as with the receptor sensory
rhodopsin II, illustrates how small and localized structural
changes result in functional divergence. Fundamental principles
of energy transduction and sensory reception in the archaeal
rhodopsins, which may have relevance to other systems, are
discussed.
" 2003 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Lipidic cubic phase crystallization of membrane proteins

The signi¢cance of membrane proteins in cellular processes
cannot be overestimated. Representing approximately 25% of
all gene products, these proteins reside in cell and organelle
membranes and participate in transport, recognition and
transduction processes that are vital to living systems. Despite
enormous advances in structural biology in the last few de-
cades, structural understanding of membrane proteins lags far
behind that of soluble proteins. The major di⁄culty in work-
ing with membrane proteins stems from their bipolar surface
properties, exhibiting hydrophilic and hydrophobic domains,
which has impeded crystallization in many instances.

One conceptual and methodological innovation which has
helped alleviate this impasse was to use lipidic cubic phases as
‘membrane-mimetic’ media for the stabilization and crystalli-
zation of membrane proteins [1]. The initial concept of the
lipidic cubic phase crystallization, successfully applied to bac-
teriorhodopsin (bR), entails detergent solubilization and sta-
bilization of membrane proteins in the curved bilayer of this

viscous material, free di¡usion, formation of critical nuclei,
and their growth to mature crystals by means of a ‘feeding’
mechanism [1]. A hypothetical molecular mechanism for this
‘in cubo’ crystallization process was recently published [2],
which invokes hydrophobic mismatch as the driving force
for membrane proteins to partition out of the curved cubic
phase membrane and into stacked planar membranes in the
crystalline phase. Further methodological developments in-
clude reconstitution of membrane patches into the cubic phase
and crystallizing without detergent altogether [3], and the min-
iaturization and semi-automation of crystallization setups [4].

In the past few years lipidic cubic phase-grown crystals
have yielded high resolution structures of the proton pump
bR in the ground [5,6] and most photocycle intermediate
states [7^11]; of the chloride pump halorhodopsin (hR) [12] ;
of sensory rhodopsin II (SRII) in the ground [13,14] and an
early intermediate state [15], as well as of the complex of SRII
with its cognate transducer HtrII [16]. Moreover, the lipidic
cubic phase X-ray structure of a photosynthetic reaction cen-
ter has also been re¢ned to high resolution [17]. This minire-
view summarizes the high resolution structures of the archaeal
retinal proteins (Fig. 1), and discusses the mechanistic insights
gained from reaction intermediates (Fig. 2).

2. Bacteriorhodopsin and its photocycle intermediates :
molecular mechanism of transmembrane proton pumping

As the simplest known light-driven proton pump, bR has
long been regarded as a paradigm for elucidating the funda-
mental principles of vectorial ion transport against a trans-
membrane gradient. This 26 kDa retinal protein, found in the
cell membrane of certain halophilic bacteria, has all the hall-
marks of the hypothetical ion pump outlined in 1966 by Jar-
detzky [18] : an ion translocation channel; a transport site
with high a⁄nity for the ion to be transported; and an energy
input which drives conformational changes, thereby switching
the accessibility of the binding site from one side of the mem-
brane to the other while lowering its ion a⁄nity.

bR exhibits high stability and natural propensity to form
2D crystals, which made it an ideal target for electron di¡rac-
tion studies. Indeed, it was the ¢rst membrane protein for
which any structural model was presented almost three de-
cades ago [19], revealing its heptahelical fold which is shared
by all the archaeal rhodopsins (Fig. 1). The high resolution
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structure of bR [5,6] reveals a proton translocation channel
which is lined with a number of strategically placed charged
residues and water molecules (Fig. 2). A retinal molecule co-
valently bound to Lys216 via a protonated Schi¡ base lies
approximately mid-way through the membrane. From the
Schi¡ base to the extracellular medium Asp85, Asp212,
Arg82, Glu194, and Glu204 de¢ne the channel by creating a
favorable polar environment for proton translocation. To-
gether with a number of water molecules they form a contin-
uous hydrogen-bond network from the Schi¡ base nitrogen to
the extracellular surface. With a pKa of 13.5 [20], the Schi¡
base corresponds to the high a⁄nity proton binding site of
Jardetzky. Water molecule W402 is strategically located in the
active site, bridging the Schi¡ base and Asp85 in the ground
state. In contrast, the seven K-helices in bR’s ground state
form a compact structure from the Schi¡ base towards the
cytoplasm. The retinal is embedded in a well-de¢ned binding
pocket sandwiched by aromatic residues that restrict the iso-

merization to the C13NC14 double bond. Interestingly, bR in
lipidic cubic phase-grown crystals exhibits a layered packing
arrangement, in which trimers are ordered in a similar way to
that in the purple membrane. Endogenous purple membrane
lipids interact strongly with the protein, partly through hydro-
phobic interactions with their phytol chains, and are respon-
sible for trimer stability and maintaining the hexagonal pack-
ing of the purple membrane.

Light activation of the chromophore results in stereospeci¢c
photoisomerization of the all-trans-retinal to its 13-cis con¢g-
uration with high e⁄ciency. Steric con£icts and charge redis-
tribution e¡ects initiate a sequence of conformational changes
in bR which perturb the local environment of several key
residues, strongly a¡ecting their pKa values and creating tran-
sient pathways for proton exchange. Because the absorption
characteristics of the retinal are sensitive to its molecular en-
vironment, these changes can be traced spectroscopically, and
de¢ne bR’s photocycle, the common scheme of which is
bR570CK590HL550HM412HN560HO640CbR570 (subscripts
denote the wavelengths of room temperature absorption max-
ima). The key events in bR’s photocycle are retinal’s isomer-
ization in the bR to K, deprotonation in the L to M, repro-
tonation in the M to N, and reisomerization of the retinal in
the N to O transition. M412 is usually associated with two
distinct intermediates [21], commonly referred to as the early
and late M states. This spectroscopically silent transition is
accompanied by a switch of the Schi¡ base’s accessibility from
the extracellular to the cytoplasmic side, thereby ensuring
vectoriality of the proton pumping. In a series of papers pub-
lished within 12 months of each other [7^11,22,23], several
groups contributed the key ingredients towards understand-
ing, at a structural level, how the photocycle proceeds in detail
and thereby achieves vectorial proton transport. The overall
picture emerging from this work was ¢rst reviewed by Ku«hl-
brandt [24], and has since been described in detail [25]. Read-
ers interested in the experimental conditions used in these
studies, as well as the specialist tools of generating intermedi-
ate states within 3D crystals, their analysis, and correlation
between X-ray crystallography and spectroscopy are referred
to [25] and references therein for details.

In the ground (bR) state (inset top left, Fig. 2) X-ray studies
have revealed a hydrogen-bond network which extends from
the Schi¡ base almost to the extracellular surface [5,6]. An
analogous H-bond network in the cytoplasmic side is non-
existent, de¢ning only one direction for potential proton
translocation. The role of internal water molecules in the
extracellular half is both structural and chemical. For exam-
ple, several water molecules, particularly Wat402, help to sta-
bilize the high proton a⁄nity of the Schi¡ base [26] (pKa of
13.5 [20]) and the low proton a⁄nity of Asp85 (pKa of 2.2
[27]) through H bonds to both groups in the ground state.
Mutagenesis and spectroscopic studies have ¢rmly established
that Asp85 is the primary proton acceptor in bR. Structural
changes are therefore necessary to remove the barrier of 11.3
pKa units prior to proton transfer from the Schi¡ base to
Asp85. These changes must be spatially and temporally
synchronized, lest bR’s vectorial mode of action would be
compromised.

Fourier transform infrared [28] and resonance Raman spec-
troscopy [29] studies have implicated that the Schi¡ base H
bond to Wat402 is lost upon photoisomerization. This inter-
pretation of spectra is borne out in our low temperature X-ray

Fig. 1. Schematic representation of the archaeal rhodopsins of
known crystal structure. hR [12] harvests light to pump Cl3 into
the cell ; bR [5] pumps protons out of the cell ; and Natronobacte-
rium pharaonis sensory rhodopsin II (pSRII) [13] and its cognate
transducer (pHtrII) [16] initiate a negative phototaxis response in
the host archaebacterium. The X-ray structure of the cytoplasmic
domain of the chemotaxis receptor [39] has been used as a structur-
al model for the corresponding domain of HtrII in this schematic.
This ¢gure is reproduced with permission from [15].
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studies of the K intermediate, since Wat402 was clearly dis-
located by light activation of the retinal [7]. From the re¢ned
X-ray structure it was suggested that a steric clash with the
side chain of Lys216 [25] provides a structural mechanism
for the dislocation of this key water molecule (inset top right,
Fig. 2). Molecular dynamics studies of the early structural
changes in the photocycle of bR have led to a similar struc-
tural mechanism, with two thirds of trajectories leading to the
disruption of Wat402 by the side chain of Lys216 within 80 ps
[30] when using a £uctuating charge model for all water mol-
ecules.

Following the physical displacement of Wat402 a ‘domino’
e¡ect results, with Wat400 and Wat401 also being disrupted
and the guanidinium group of Arg82 reorienting towards the
extracellular medium in the L intermediate [9,25] (inset bot-
tom right, Fig. 2). The pKa of the Schi¡ base is lowered by the
loss of a H bond to Wat402 [26] and the reorientation of the
Schi¡ base N^H dipole towards a hydrophobic environment
[11], whereas the pKa of Asp85 is increased due to the loss of
H bonds to Thr89 and to water molecules [9], as well as the
reorientation of Arg82 towards the extracellular medium.
These structural changes e¡ectively reverse the proton do-
nor/acceptor relationship and thereby enable a proton to
translocate from the Schi¡ base nitrogen to the carboxylate
of Asp85. Formation of a well-de¢ned, yet transient pathway
for proton transfer is aided by a local bend of helix C which

brings Asp85 closer to the Schi¡ base in L relative to K [9,25].
This £ex of a secondary structural element also explains the
remarkably slow time scale for proton transfer in bR (V40
Ws) and must be, at least in part, driven by the electrostatic
attraction between the oppositely charged Schi¡ base and
Asp85 (Fig. 2, bottom right). Whether the primary proton
transfer step is direct [25], via Thr89 [23], or via transiently
ordering water molecules [10] is unresolved, although compu-
tational methods suggest that the Schi¡ base proton cannot be
transferred to Asp85 while a water molecule remains between
these two groups [31]. Following proton transfer in the L to
M transition the mutual electrostatic attraction between
Asp85 and the Schi¡ base is cancelled, and relaxation of the
retinal [23] and helix C [9,25] are postulated to draw these key
groups apart, thereby hindering the reverse protonation and
imposing vectoriality in the overall mechanism. Finally, the
observed movement of Arg82 is suggested to destabilize the
proton release group and thereby assists proton release to the
extracellular medium [8].

On the cytoplasmic side, a slight rotational movement of
the backbone carbonyl oxygen of Lys216 enables water mol-
ecules to transiently order in this region [32] (inset bottom
center, Fig. 2), thereby creating a transient proton transfer
pathway from Asp96 stretching almost as far as the Schi¡
base [33]. Retinal’s C13 methyl group comes into steric con£ict
with Trp182 [7] (inset bottom left, Fig. 2) which drives an

Fig. 2. Schematic representation of the major structural changes which occur during the photocycle of bR [25]. Helices are shown as green cyl-
inders, with helix C and helix F colored red and yellow, respectively. Arrows emphasize the large conformational changes that occur in these
helices. The cytoplasmic side of each representation is on top. Insets highlight the central themes discussed in the text. The H-bond network in
the extracellular half is shown in the bR state (inset top left). The K-state model (inset top right) is shown in white, and is overlaid on the mul-
ti-colored ground state model, in which Wat402 is colored black. In the L state (inset bottom right) the resting state and L-state conformations
of Arg82 are illustrated. The M2 state illustrates ordering of water molecules, colored black, in the cytoplasmic half (inset bottom center), and
steric clash between the isomerized retinal’s C13 methyl group and Trp182 (inset bottom left). This ¢gure is adapted from ¢g. 11 of [25], and re-
produced with permission.
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outwards tilt of helix F (bottom left, Fig. 2). The resulting
large-scale displacement of K-helices E, F and G of the order
of 3.5 AS [22,23] exposes the cytoplasmic portion of the proton
translocation channel to the bulk medium, disrupting H
bonds to Asp96 [33] and perturbing its pKa, such that a pro-
ton is ¢rst transferred from Asp96 to the Schi¡ base, while
Asp96 is in turn reprotonated directly from the cytoplasmic
medium. Reprotonation of the Schi¡ base accelerates the ther-
mal reisomerization of retinal back to the all-trans con¢gura-
tion [34], eventually recovering the ground state structure as
water molecules reorder and the extended H-bond network on
the extracellular side reforms. This lowers the pKa of Asp85
and, consequently, a proton moves from Asp85 to the puta-
tive proton release group. The sum of all these well-orches-
trated proton transfer steps is the net translocation of a single
proton from the cytoplasmic to the extracellular side of the
cell membrane as a result of photoactivation, o¡ering a con-
ceptually similar, although somewhat more complex picture of
proton translocation than that in Jardetzky’s hypothetical
model [18].

3. The archaeal rhodopsins: structural similarities and
functional divergence

Certain archaebacteria possess four light-activated retinal
proteins in their cell membrane (Fig. 1): two ion pumps
that mediate transmembrane energy transduction, the in-
wardly directed chloride pump hR, and the outwardly di-
rected proton pump bR, as well as two photoreceptor sensory
rhodopsins SRI and SRII (only SRII is illustrated in Fig. 1).
Following photoexcitation, the photoreceptors undergo con-
formational changes and relay the light signal to their tightly
bound cognate transducer proteins (HtrI and HtrII respec-
tively), thereby initiating a phosphorylation cascade that reg-
ulates the £agellar motors of the host [35]. When oxygen and
respiratory substrates are abundant, the negative phototaxis
receptor SRII is expressed, allowing the host to escape poten-
tial photo-oxidative damage. In unfavorable conditions, the
positive phototaxis receptor SRI is expressed and the host
bacterium undergoes phototaxis to illuminated areas so as
to optimize conditions. Under these circumstances bR and
hR are coexpressed in large quantities and energy transduc-
tion proceeds via photosynthesis. Remarkably, SRI serves as
both a positive phototaxis receptor to orange light and a
negative phototaxis receptor to harmful short-wavelength ra-
diation [35].

The archaeal rhodopsins share a common seven transmem-
brane K-helical architecture surrounding a buried all-trans ret-
inal chromophore, which is bound to a conserved lysine on
helix G via a protonated Schi¡ base. Of this family, bR [5,6]
and hR [12] from Halobacterium salinarum, and SRII [13,14]
and the SRII:HtrII complex [16] from Natronobacterium phar-
aonis have yielded well di¡racting crystals using the lipidic
cubic phase method. Despite their functional diversity and
V25^30% sequence identity, they exhibit remarkably similar
structures, as evidenced by a global superposition of their
backbone structures. bR, hR and SRII reveal close similarity
in the structure of transmembrane helices C^G, with root
mean square deviation on the main chain atoms of 0.77 AS

between bR and SRII, and 0.89 AS between hR and SRII
[12,13]), and somewhat larger deviations in helices A and B.
This reinforces the notion that the pentahelical C^G fragment,

which participates in the retinal binding pocket, is strongly
structurally conserved in archaeal rhodopsins [12].

hR was crystallized from the lipidic cubic phase in a similar
fashion to bR [12]. The layered array of hR trimers is stacked
with alternate directionality in the bilayers, with 10 lipids
residing between the trimers, and three palmitates in the mid-
dle of each hR trimer. The retinal is in the all-trans, 15-anti
con¢guration, and Thr111 and Ser115 replace Asp85 and
Thr89 of bR. One chloride ion is located 3.75 AS away from
the protonated Schi¡ base nitrogen and is ion paired thereto,
as well as to Ser115. This anion is buried 18 AS beneath the
membrane surface, and its solvation sphere is highly irregular.
The charge distribution of the complex counter ion around
the Schi¡ base is very similar to that of bR because the chlo-
ride ion replaces one of the negatively charged oxygen atoms
of Asp85, the primary proton acceptor in bR. This chloride
ion is not positioned at an angle favorable for H-bond for-
mation with the Schi¡ base. This is quite distinct from struc-
tural results from the (less optimized) halide pumping D85S
bR mutant, for which electron density for a bromide ion was
assigned at a position directly analogous to Wat402 of bR
[36]. In both studies similar structural mechanisms for halide
ion transport were proposed, with the reorientation of the
Schi¡ base N^H dipole towards the cytoplasm following ret-
inal photoisomerization providing a driving force for the elec-
trostatic dragging of the halide ion towards the cytoplasmic
side of the protein [12,36]. The high resolution ground state
structure of hR does not allow for a chloride conducting path-
way between the protonated Schi¡ base and the cytosolic sur-
face, and therefore light activation, and the related conforma-
tional changes must open up such a putative ion translocation
pathway. This is in direct analogy with the large-scale con-
formational change of helices E, F and G [22,23] revealed in
the later stages of the bR photocycle (Fig. 2).

In analogy with the chloride pumping mechanism of hR,
these results have again raised interest in the question as to
whether or not bR could be regarded as an inwardly directed
hydroxide pump rather than an outwardly directed proton
pump [11]. Because the net result of these two mechanisms
is the same, unequivocal resolution of this question appears
unlikely. However, the fact that the Schi¡ base deprotonation
and reprotonation steps are entirely absent in the photocycles
of the halide pumps but are unambiguous in bR, that a pro-
ton may be rapidly exchanged along a transient H-bond path-
way with negligible energy cost, and the unlikelihood of a free
hydroxide being created within the protein and surviving for a
time scale of tens of Ws, weigh in favor of the conventional
picture of bR as a proton pump.

The X-ray structure of SRII from N. pharaonis was pub-
lished independently by two groups, with resolution of 2.1 and
2.4 AS , respectively [13,14]. The protein forms crystallographic
dimers, with the A and G helices at the interface, and exhibits
a layered packing arrangement with alternate directionality of
dimers within the plane. The retinal binding site is remarkably
similar to that of bR and hR, and divides the protein into a
hydrophobic cytoplasmic half and a hydrophilic extracellular
half. The retinal is in the all-trans con¢guration, with the
L-ionone ring in the 6-s-trans con¢guration. SRII is optimized
to function as a negative phototaxis receptor, thus requiring
that its absorption peak be tuned near the solar spectrum’s
maximum of 500 nm, whereas the other archaeal rhodopsins
have spectral peaks at Vs 560 nm.
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Fig. 3 illustrates how the binding pocket of SRII constrains
the retinal chromophore into an almost planar conformation,
being somewhat less curved than retinal of bR [13]. Several
factors have been suggested to play a role in the mechanism
of spectral tuning. (a) The degree of retinal curvature [23].
(b) The polarity of the binding pocket near retinal’s L-ionone
ring. Signi¢cantly, all but three residues are conserved be-
tween the binding sites of bR and SRII (Fig. 3), with varia-
tions occurring on Val108, Gly130, and Thr204 in SRII
(Met118, Ser141, and Ala215 respectively in bR). This is qual-
itatively coherent with spectral tuning e¡ects of bR or SRII
mutants involving these residues. (c) The position and orien-
tation of the conserved Arg72 (Arg82 in bR), the guanidinium
group of which is orientated toward the extracellular side of
the membrane in SRII. This divergence from the conforma-
tion of Arg82 in bR has been suggested to contribute a major
fraction of the observed 70 nm blue shift [14,37]. (d) The
distance between Asp201 (Asp212 in bR) and the Schi¡
base, which was suggested to regulate the color tuning of
SRII [38]. Clearly the mechanism of spectral tuning in rho-
dopsins is a central and complex problem, and structural re-
sults from other retinal proteins and their mutants are re-
quired should a consensus picture emerge.

The recent X-ray structure of the SRII:HtrII complex, con-
stituting the ¢rst example of a membrane protein complex
crystallized in the lipidic cubic phase, sheds new light on the
mechanism of signal transduction from the photoreceptor to
its cognate transducer [16]. As was previously suggested [14],
Tyr199 of SRII is a key residue in forming interactions be-
tween pSRII and HtrII. A surface patch of charged and polar
residues was also identi¢ed on the cytoplasmic ends of helices
F and G as being unique to SRII [13]. HtrII was disordered in
the region complementary to this positively charged patch and
its interactions with SRII could not be assigned in the
SRII:HtrII structure [16]. While a structural model for the
signaling state of SRII has been built in analogy with the
open conformation of bR (Fig. 2) [23], suggesting a role in
signal propagation for this charged patch of residues [15], the
speci¢c details of the signal transduction await further struc-
tural models for photocycle intermediates of the SRII:HtrII
complex.

Due to their structural similarity and functional diversity,

the archaeal rhodopsins have proven to be valuable model
systems for elucidating several basic processes in photobiol-
ogy. With the advent of the lipidic cubic phase crystallization
concept [1] new possibilities for studying these molecular pro-
cesses in unprecedented structural detail have arisen. These
studies have revealed common themes of structural mecha-
nism within the archaeal rhodopsin family. It is hoped that
the underlying principles of energy transduction and sensory
reception in the archaeal rhodopsins can be extended to ad-
vance the understanding of more complex yet functionally
related processes throughout nature.
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