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Photoactivation of the visual rhodopsin, a prototypical G protein-
coupled receptor (GPCR), involves efficient conversion of the in-
trinsic inverse-agonist 11-cis-retinal to the all-trans agonist. This
event leads to the rearrangement of the heptahelical transmem-
brane bundle, which is thought to be shared by hundreds of GPCRs.
To examine this activation mechanism, we determined the x-ray
crystallographic model of the photoreaction intermediate of rho-
dopsin, lumirhodopsin, which represents the conformational state
having the nearly complete all-trans agonist form of the retinal. A
difference electron density map clearly indicated that the distorted
all-trans-retinal in the precedent intermediate bathorhodopsin
relaxes by dislocation of the �-ionone ring in lumirhodopsin, along
with significant peptide displacement in the middle of helix III,
including approximately two helical turns. This local movement
results in the breaking of the electrostatic interhelical restraints
mediated by many of the conserved residues among rhodopsin-like
GPCRs, with consequent acquisition of full activity.

G protein-coupled receptor � membrane protein � visual pigment

G protein-coupled receptors (GPCRs) are heptahelical trans-
membrane proteins responsible for a variety of physiolog-

ical functions mediated by cell membranes in eukaryotes (1, 2)
and are therefore considered a major target for pharmacological
intervention. The activity of GPCRs in catalyzing GDP�GTP
exchange reaction in the �-subunit of heterotrimeric G protein
strongly depends on the nature of the interaction between the
receptor and ligand molecules. Even for a given GPCR, binding
of structurally related ligand has different degrees of effect on
activity. Effective drug design thus requires understanding of the
structural consequences evoked in a receptor just upon its
formation of a complex with a ligand. The retinal dim-light
photoreceptor rhodopsin (RHO) is representative of hundreds
of GPCRs in terms of the dramatic change in activity it under-
goes before to after photoactivation, which involves isomeric
structural change of the intrinsic ligand retinal (Vitamin A
aldehyde) (3).

To date, RHO is the only 1 among 1,000 GPCRs for which a
high-resolution experimental model is available. Its crystal struc-
ture was recently solved in the presence of intrinsic inverse-
agonist 11-cis-retinal (4–6), which is covalently linked to the
protein (�-amino group of Lys-296 in the seventh transmem-
brane helix) via protonated Schiff base (SB). Because its pho-
toexcitation leads to formation of a series of reaction interme-
diates having differently shaped retinal ligands and the protein
moiety, it is thought that RHO crystal is an ideal material for
investigation of the mechanism of activation of GPCRs, which
share many key amino acids with RHO in the transmembrane
helical bundle. Furthermore, beside previous studies on struc-
tural changes of membrane proteins, x-ray crystallography of
RHO intermediates provides a previously undescribed example
of an irreversible reaction, because the covalently bound retinal
ligand is released from the protein after deprotonation of the SB.

These intermediates are trapped either by time-resolved tech-
nique from femtoseconds to milliseconds at physiological tem-
peratures (7, 8) or steady-state experiments with low-

temperature technique (9, 10). Although the observed sequences
of spectrally distinct species are not completely identical for the
two experimental methods, bathorhodopsin (BATHO) and lu-
mirhodopsin (LUMI) are detected consistently regardless of
such technical differences and are considered keys to under-
standing the mechanism of light-induced triggering RHO acti-
vation (see Fig. 5, which is published as supporting information
on the PNAS web site).

The first crystallographic model of BATHO was recently
proposed (11). This intermediate has been a focus of extensive
experimental and theoretical studies, because it is the first stable
product after the photoisomerization that is characterized by
strict stereospecificity, high quantum efficiency, large photon
energy storage, and ultrafast reaction time (12, 13). Although the
resolution of our x-ray diffraction data was not very high, the
model appeared to be accurate enough to explain the unique
spectroscopic properties of this intermediate by quantum me-
chanical calculations. The results showed how the retinal of
BATHO took a distorted shape during photoisomerization
reaction in the confined protein-binding pocket.

To acquire full agonist activity, the distorted retinal should
relax in some fashion, accompanying further rearrangement in
the heptahelical transmembrane polypeptide region. LUMI, the
next thermal product of BATHO, is key to connecting the
photoisomerization process to the formation of fully activated
metarhodopsin II, because previous time-resolved laser photol-
ysis studies under physiological conditions have demonstrated
that the decay of LUMI is directly linked to the deprotonation
of the SB (8), which is known to be a prerequisite for the active
form of RHO (14).

In this work, we show a crystallographic model of this thermal
product, LUMI, in which the highly distorted retinal ligand in
BATHO has changed to a more relaxed conformation. The
resulting local peptide distortion in this reaction intermediate
suggests the possible pathway to the fully active form of RHO.

Results and Discussion
Crystallography and Microspectrophotometry. In Fig. 1A, the over-
all difference electron densities reproducibly observed from
cryogenic x-ray diffraction data for LUMI are shown on the
ground state polypeptide backbone. The temperature for trap-
ping LUMI was chosen based on microspectrophotometry of the
crystals of RHO (16). As shown in Fig. 1B, formation of BATHO
at 100 K by illumination with visible light and successive warming
of the crystal results in gradual conversion from BATHO to
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LUMI. From these observations, the difference densities ob-
tained at 160 K can be considered as that of LUMI minus RHO.
The pattern of difference densities is found to be consistent for
the two RHO molecules in the crystallographic asymmetric unit,
and the details of the x-ray data statistics are summarized in
Table 2, which is published as supporting information on the
PNAS web site. To minimize possible radiation damage (17), the
intensity of x-ray was attenuated to less than one-third of that
used for BATHO (11).

In contrast to the very limited differences between BATHO
and RHO (11), which represents only the process of photoi-
somerization reaction of the retinal chromophore, current data
for LUMI clearly demonstrate the propagation of structural
changes after the initial photoreaction in RHO. The structural
refinement of LUMI was performed by using the x-ray data to
2.8-Å resolution. Whereas the two data sets in Table 2 gave
almost identical models, the results shown below are based on
data set 1 (Table 1) because it contains a smaller amount of
merohedral twinning, which was found to be better in terms of
the quality of difference electron density map. Because the
intermediate structure models contain large domains that re-
mained identical to that in RHO, they were unambiguously
overlaid in the following figures to present the differences
correctly.

Movement of the Retinal Chromophore. The positional�conforma-
tional change of the �-ionone ring moiety of the retinal chro-
mophore during the RHO activation has been controversial
(18–20). One of the important findings in our difference map is
the appearance of a positive electron density just beside the
�-ionone ring of the retinal (Fig. 1C; also see Fig. 3B and Fig. 6,
which is published as supporting information on the PNAS web
site). This result is obviously different from the finding obtained
for BATHO and is well interpreted as the result of displacement

of the ring in the direction toward helices III and IV. It is
noteworthy that helix IV contains Ala-169, which was suggested
to get closer to the �-ionone ring at the later stages of RHO
activation (18).

The structure of the retinal in LUMI modeled according to the
x-ray data takes a nearly complete all-trans conformation, al-
though the C9AC10 and C11AC12 double bonds are still
twisted to some extent (Fig. 2 C and D). Compared with the
retinal in BATHO (Fig. 2 A and B), it is evident that relaxation
of the curved polyene chain has taken place, without involving
flip-over of the ring moiety (Fig. 2D). We suppose this step to
be a key part of conversion of the stored photon energy to the
surrounding protein moiety through conversion of 11-cis inverse-
agonist to all-trans agonist in RHO. Whereas the retinal does not
completely escape from the ground-state binding pocket, keep-
ing the position of the protonated SB, interactions with some
nearby amino acids are substantially altered (see Fig. 4A). Two

Fig. 1. Conversion from RHO to LUMI in a 3D crystal. (A) Difference electron densities calculated from x-ray diffraction data at 160 K. Three purple double arrows
indicate the slab sections shown in Fig. 3 A–C. (B) Spectral changes observed upon conversion from RHO to BATHO (100 K) and to LUMI (130 K, 140 K) in a 3D
crystal. These spectra were obtained after subtraction of the ground-state spectrum. (C) Expanded view of the difference electron densities around the retinal.
In A and C, positive and negative electron densities are shown in blue and red, respectively, on the ground-state �-carbon polypeptide chain of RHO. The maps
are contoured to 3.5� level for one of the two molecules in the crystallographic asymmetric unit. The chromophores (11-cis-retinal � Lys-296) of RHO and LUMI
are in green and orange, respectively. Figs. 1 and 3 were prepared with SPDBV (15).

Table 1. Refinement statistics

Alternate conformation refinement Value

Resolution range, Å 50–2.8
Twin fraction 0.123
Protein atom 3,630
Retinal atom 40
Rcryst, % (outer shell) 21.8 (30.5)
Rfree, % (outer shell) 23.8 (32.0)
rmsd of bonds, Å 0.012
rmsd of angles, ° 1.41

The final refinements included dual conformations of the selected residues
as described in the text. Rcryst � �hkl�Fo � Fc���hkl�Fo�. Rfree values were calculated
from a set of 5% randomly selected reflections that were omitted from
refinement. This set was the same as that used for the dark state.
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bulky hydrophobic residues, Phe-212 and Trp-265 (5.47 and 6.48,
respectively, in GPCR numbering according to ref. 23), and
Glu-113, the counterion to the protonated SB, are especially
notable in the consistent but larger displacement of the side
chains compared with that found in BATHO. The change of
Glu-113 position and possible movement of nearby waters, which
remain unresolved in this study, need to be supported by further
experimental or theoretical studies to understand the spectro-
scopic and functional properties of LUMI (24, 25).

Distortion in the Middle of Helix III. The most remarkable rear-
rangement in the protein is seen in the middle of helix III, where
a strong shift of electron densities is evident (Fig. 3B). This
pattern is a clear indication of outward movement of the
polypeptide backbone (Fig. 3D), which has not been demon-
strated before. On both the extracellular (Fig. 3A) and the
cytoplasmic (Fig. 3C) sides of this region, the difference electron
density signals are much weaker. We therefore conclude that the
protein structural changes in LUMI at 160 K are still limited and
do not propagate to the cytoplasmic surface where G protein
activation is mediated after full activation. As for the second
extracellular loop, we suppose that the structure might become
slightly disordered from dark state to LUMI, as indicated by
some negative densities (Fig. 3A). Also, a pair of densities at the
S–S bond can be seen as detected in the BATHO minus RHO
map (11).

The largest displacement of the �-carbon atoms is detected in
the Gly–Gly sequence at 120 and 121 (3.35 and 3.36), which is
highly conserved among vertebrate visual pigments and is very
close to the known ligand-binding site (3.32) in many of the
catecholamine receptors (1, 2). This finding of structural change
appears to be consistent with the constitutive activity of the
mutants at Gly-121 in RHO (26). The magnitude of movement
at Gly-120, 1.16 and 0.99 Å for the two molecules in the asymmetric
unit, and that of nearby residues is large enough to be detected
with the resolution of our data (see Fig. 7, which is published

as supporting information on the PNAS web site, for compar-
ison with other helices). We also observed a reproducible shift
of the side chain of Thr-118 (3.33) in BATHO (Fig. 4A), and
the difference densities around this side chain become even
larger in LUMI (data not shown). On the basis of these
observations, we can explain the sequential structural pertur-
bations evoked in helix III upon photoexcitation of RHO. In
addition to the interaction change between the retinal and
Thr-118, the side chain of Glu-122 (3.37) is found to be
affected by the dislocation of the �-ionone ring. Although the
outward movement of helix III observed at 160 K in the 3D
crystal is not very large, it also should be consistent with the
previous notion that a small increase of the protein volume
occurs during the conversion from ground-state RHO to
LUMI under physiological conditions (27).

In the archaeal retinal protein bacteriorhodopsin, which has a
heptahelical transmembrane bundle differently arranged from
that of RHO, a structural model of the L-intermediate has been
shown to involve polypeptide displacement in the middle of helix
C (III) (28). This change was considered critical for the proton-
pumping function of this membrane protein. Notably, however,
the direction of movement is almost opposite that seen here in
LUMI. Therefore, the functional difference between RHO and
bacteriorhodopsin correlates well with the nature of the struc-
tural changes occurring during the photoreaction cascade.

Effects on Other Helices. The outward movement in the middle of
helix III in LUMI directly affects the nearby region in helix IV,
where the highly conserved tryptophan in RHO-like GPCRs,
Trp-161 (4.50), is located (Fig. 4B). This residue and the
preceding Thr-160 (4.49) are hydrogen-bonded with Asn-78
(2.45) in helix II in the inactive ground state. These electrostatic
restraints must be important for keeping the inactive state,
because they help to define the highly tilted angle of helix III.
Partly because of these direct interactions between helices II and
IV, the cytoplasmic half of helix III is occluded inside of the

Fig. 2. Structural changes of the retinal chromophore after photoexcitation of the RHO crystal. (A and B) Conversion from RHO (green) to BATHO (red) is derived
from ref. 11. (C and D) Conversion from BATHO (red) to LUMI (orange). B and D are different views from A and C, respectively, rotated �90° around the horizontal
axis. Nitrogen atoms are in blue. Figs. 2 and 4 were prepared with MolScript (21) and Raster3D (22).
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helical bundle (see Fig. 8, which is published as supporting
information on the PNAS web site). Upon formation of LUMI,
the distances between these residues increase substantially (Fig.
4B), preparing for further breakage of restraints in this region.
This effect is presumably due to the slight movement of helix IV,
although it is unclear in the difference map of LUMI whether
this movement is translational or rotational.

The distortion in the middle of helix III can also change the
interactions with helix II around the highly conserved aspartic
acid Asp-83 (2.50). The side chain of this residue is bridged to
the peptide carbonyl of Gly-120 (3.35) via a water molecule in the
ground-state structure. This region has been assigned as the
largest water-binding site containing four molecules in RHO (5,
6, 16) and is also thought to overlap with the putative metal-
binding site in certain families of other RHO-like GPCRs. Our
findings are therefore consistent with much previous evidence of
regulation of receptor activity in this region. Because Asp-83
(2.50) is also involved in mediating the other electrostatic
interhelical restraints with Asn-55 (1.50) in helix I and Ala-299
(7.46) in helix VII, the consequences of the initial perturbation
around the Gly–Gly sequence of helix III should extend even
more than those in the current model of LUMI at the later stage
of activation. This suggestion is also supported by the previous
finding that the interhelical space around the cytoplasmic side of
helix VII from Val-304 (7.51) to Lys-311 (7.58) becomes exposed
upon formation of the active state (29).

The significant displacement of the �-ionone ring of retinal
directly causes perturbations in some surrounding residues.
These structural changes observed in LUMI are even larger and
mostly consistent with that found in BATHO (11). The largest
perturbations occur in the middle of helix V, where a small
helical bulge toward the interior of the RHO molecule is
observed in the ground-state structure of RHO. The general
importance of this region is evident from the identification of
ligand-binding residues in the receptors for catecholamines (1, 2,

30). In RHO, Met-207 (5.42), His-211 (5.46), and Phe-212 (5.47)
form a part of the retinal-binding site. Along with the movement
of the �-ionone ring, not only the side chains but also the peptide
backbone of these residues undergo substantial rearrangement
(Fig. 4A). It should be noted that the bulge is presumably due to
the presence of the nearby highly conserved proline, Pro-215
(5.50). Because the regular helical structure is disrupted even in
the ground state as such, the perturbation due to movement of
retinal can easily cause outward shift of the backbone in this
region.

Possible Activation Mechanism. It has been proposed that the
activation of RHO-like GPCRs involves substantial movement
of helix VI (31, 32). However, the electron density differences
around this helix in LUMI are not as large as expected. This
result is consistent with a recent electron microscopic study on
metarhodopsin I, for which no difference in the peptide back-
bone from the ground state was demonstrated (33). In our x-ray
data, a few positive densities on the extracellular side of the
highly conserved Pro-267 (6.50) suggest a slight outward dis-
placement (Fig. 3A). It is possible that this change further results
in a rotational motion of the cytoplasmic side by using Pro-267
as a hinge, because the two major hydrophobic interactions
between this helix and the retinal at Phe-261 (6.44) and Trp-265
(6.48) are mostly lost in LUMI. In any case, an important
conclusion to be drawn from our results is that the possibility of
movement of helix VI must be the consequence of the displace-
ment of other structural elements in the transmembrane region,
including the retinal ligand and helices II–V. We also speculate
that such activation mechanism should be relevant for a number
of RHO-like GPCRs accommodating a vast variety of external
diffusible ligands.

The present experimental observations of the differences
between the inactive ground-state RHO and LUMI are quite
useful in elucidating possible structural sequences of activation

Fig. 3. Differences between RHO and LUMI. (A–C) Projection views of the three regions containing the difference electron densities between RHO and LUMI.
Each image is a 10-Å slab section from the extracellular (A) to cytoplasmic (C) side of the transmembrane helical domain. Positive (blue) and negative (red) electron
densities contoured to 3.5� level are shown on the �-carbon traces of the seven helices. (D) Superposition of the crystallographic models of RHO (green) and LUMI
(orange). Only the �-carbon traces and the retinal chromophore are shown.
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in many of RHO-like GPCRs in more details. In the ground-
state structure of bovine RHO, the intramolecular restraints in
the transmembrane heptahelical domain are dominated by elec-
trostatic interactions on the extracellular side and by the hydro-
phobic interactions on the cytoplasmic side (34). We now
understand that the major consequence of the ligand conversion
from an inverse-agonist (11-cis-retinal) to an agonist (all-trans-
retinal) is to break and�or weaken most of the electrostatic
restraints between the helices. The affected hydrogen-bonding
sites include many highly conserved residues�motifs such as the
N (1.50)–D (2.50) pair (Asn-55–Asp-83 in RHO), Asn-78 (2.45),
Trp-161 (4.50), and Asn-302 (7.49) in the so-called NPxxY motif.
The region of irregular helix on the extracellular side of Pro-215
(5.50) is also the site of initial perturbation. This protein
rearrangement would evoke further dynamic motion of helix III,
then of helix VI (31, 32) and possibly VII (19) with a concomitant
change of the environment of the SB (35), leading to the
conformation of the fully active form, metarhodopsin II. Be-
cause the two regions identified in this study as sites of light-
induced perturbation, the middle regions of helices III and V,
overlap with the ligand-binding residues in many of the receptors

for catecholamines, the proposed scheme of activation may be of
general importance.

Conclusions
In a series of recent x-ray crystallographic studies including this
work, we have shown three different states of bovine RHO:
ground state, BATHO, and LUMI. These models represent the
ligand–protein interaction changes during isomeric conversion
of the retinal from inverse-agonist (11-cis) to agonist (all-trans).
Further improvement of the data for these states and crystallo-
graphic and computational studies on the later intermediates
will unveil the complete picture of the molecular mechanism of
RHO activation. More importantly, structural studies on the
photoreaction intermediates of RHO would be valuable for
understanding the multiple conformational states (36, 37) ob-
served upon ligand binding to other RHO-like GPCRs.

Materials and Methods
Crystallization. 3D crystals of RHO from bovine retina were
grown by hanging-drop vapor-diffusion method at 283 K as
recently reported (5). Briefly, RHO (6–7 mg�ml) purified in
heptylthioglucoside micelles was mixed with a crystallization
solution containing 7–10 mM 2-mercaptoethanol, 0.2–0.5%
heptylthioglucoside, 0.6–0.7 M ammonium sulfate, and 0.6–
1.0% PEG 600. Some of the crystals were grown in the presence
of low-concentration (0.01–0.05%) sodium silicate–acetate mix-
ture, which has been found to promote the crystallization
process. Five microliters of the mixed sample was dispensed on
a coverslip siliconized with hexamethyldisilazane, which was
then fixed with paraffin oil on a well of a culture plate (Iwaki,
Tokyo, Japan). The reservoir solution for vapor diffusion con-
tained 20–30 mM Mes (pH 5.9–6.1) and various concentrations
of ammonium sulfate (2.6–2.9 M). The course of crystallization
was examined with a microscope (Olympus, Tokyo, Japan) by
using dim red light (�650 nm filter; Fuji, Tokyo, Japan) to
prevent photoreaction of samples. After adding 9 �l of cryo-
protectant solution containing 15–20% trehalose directly to the
hanging drop, crystals were mounted in the nylon loops (Hamp-
ton, San Diego, CA) and immediately flash-frozen in liquid
nitrogen.

Single-Crystal Microspectrophotometry. To confirm the formation
of LUMI, visible absorption spectral changes of the 3D crystals
of bovine RHO were recorded by a system based on a microspec-
trophotometer (4DX, Uppsala, Sweden) with a CCD detector
(Andor, Tokyo, Japan). A crystal mounted on the goniometer
head was illuminated under a stream of cold nitrogen gas by
tunable argon laser light (Melles Griot, Irvine, CA), which was
depolarized and aligned approximately along the long axis of the
rod-shaped crystals to maximize the extent of photoreaction.
The temperature at the crystal position was recorded by a
thermocouple (Rigaku, Tokyo, Japan) manufactured specifically
for the goniometer head.

Data Collection. All x-ray diffraction data sets were collected on
a MAR165 CCD detector (MAR Research, Hamburg, Ger-
many) at BL41XU of SPring-8 (Harima, Japan), with a beam
wavelength of 1.0000 Å. We carefully adjusted the intensity of
the x-ray by using a series of attenuators so that two successive
data sets collected from a dark state crystal did not indicate
significant damage. The temperature of cold nitrogen gas at the
position of the crystal was kept at 160 K during data collection.
The temperature of 160 K, which is still low enough to prevent
the decay of LUMI, was chosen to ensure that BATHO had
completely decayed in the crystal. For illumination of crystals,
depolarized argon laser light (514 nm, 2–7 mW) was aligned in
a manner similar to that for the offline microspectroscopic

Fig. 4. Crystallographic models of the three states of RHO. (A) Projection
view around the retinal with some amino acid residues. Shown are the three
models: RHO (green), BATHO (red), and LUMI (orange). (B) Structural changes
between RHO (green) and LUMI (orange) around the middle of helix III. The
four bound water molecules in this site are shown as small light blue spheres,
which are fixed in the positions found in the ground-state structure.
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studies and brought to the crystal during several minutes of data
collection. X-ray data sets were processed with HKL2000 (38).

Model Building and Refinement. For refinement of the LUMI
structures, the ground-state structural model determined at 2.2
Å (5) was used as a starting model. By using phases of this
structure and after rigid-body refinement, Fo � Fc maps were
calculated for a number of ground-state (Fdark) and illuminated
(Flight) data sets with different laser light intensities and tem-
peratures to obtain reproducible structural differences between
RHO and LUMI. The structure factors were used after appro-
priate treatment of the twin fractions of the data sets determined
by the method described by Yeates (39). The refinement pro-
cedures used for LUMI basically followed those described in the
recent report on BATHO (11) and the photoreaction interme-
diates of archaeal retinal proteins (28). The occupancy of RHO
(�) in an illuminated crystal was estimated for each of the data
sets by performing alternate conformation refinement of the
structure of intermediate with its occupancy of 1�, while the rest
(RHO) were fixed. The amino acids considered in refinement

are Trp-35 3 His-65, Thr-70 3 Glu-134, Met-155 3 Phe-220,
and Val-250 3 Asn-315, excluding some regions having high
temperature factors in the ground state model. The value of �
was changed from 0.4 to 0.75 in steps of 0.05, and the resulting
R, Rfree, and 2Fo � Fc maps were compared. Finally, occupancy
refinement of the two conformations converged to yield a value
of � � 0.6 with CNS (40). We also carried out the selected-atom
structure refinement of the intermediate by using extrapolated
structure factor amplitudes, (Flight � � Fdark)�(1 � �), and found
that the results, including the optimal value of �, were qualita-
tively the same as those for the alternate conformation refine-
ment. Our recent crystallographic analysis on 9-cis-RHO at 2.9
Å (H.N. and T.O., unpublished data) supports an assumption
that a possible two-photon reaction cannot contribute to the
differences found at 160 K.
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grants from the Japanese Ministry of Education, Culture, Sports,
Science, and Technology and by the New Energy and Industrial Tech-
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