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Background:Microbial rhodopsins in Chlamydomonas are employed for photoorientation and developmental processes.
Results:HKR1 is aUVA-absorbing rhodopsin that is bimodally switched between aUV- and a blue light-absorbing isoformwith
different light colors.
Conclusion: The chromophore of the dark-adapted UV state contains a deprotonated Schiff base stabilized by a 13-cis,15-anti
conformation.
Significance: This is the initial characterization of the first member of a novel rhodopsin family.

Rhodopsins are light-activated chromoproteins that mediate
signaling processes via transducer proteins or promote active or
passive ion transport as ion pumps or directly light-activated
channels. Here, we provide spectroscopic characterization of a
rhodopsin from the Chlamydomonas eyespot. It belongs to a
recently discovered but so far uncharacterized family of histi-
dine kinase rhodopsins (HKRs). These are modular proteins
consisting of rhodopsin, a histidine kinase, a response regulator,
and in some cases an effector domain such as an adenylyl or
guanylyl cyclase, all encoded in a single protein as a two-compo-
nent system. The recombinant rhodopsin fragment, Rh, of
HKR1 is a UVA receptor (�max � 380 nm) that is photocon-
verted by UV light into a stable blue light-absorbing meta state
Rh-Bl (�max � 490 nm). Rh-Bl is converted back to Rh-UV by
blue light. Raman spectroscopy revealed that the Rh-UV chro-
mophore is in an unusual 13-cis,15-anti configuration, which
explains why the chromophore is deprotonated. The excited state
lifetime of Rh-UV is exceptionally stable, probably caused by a rel-
atively unpolar retinal binding pocket, converting into the photo-
product within about 100 ps, whereas the blue form reacts 100
times faster.Wepropose that the photochromicHKR1plays a role
in the adaptation of behavioral responses in the presence of UVA
light.

The main sensory photoreceptor of the animal kingdom is
rhodopsin. The respective spectral sensitivity of rhodopsins

may cover an extremely broad range of the sunlight spectrum,
from 358 nm (near ultraviolet, UVA) to 630 nm (near infrared)
(1, 2). Rhodopsins with absorption at the red edge of the spec-
trum (XL-iodopsins) are found in flies, mollusks, fish, and in
some birds. At this spectral range, thermal isomerization
increases, producing significant background at high rhodopsin
concentrations (3).On the other end of the spectrum, theUVA-
absorbing pigment is of limited use because UV-transparent
lenses promote damage of the retina. Even so, UV-sensitive
rhodopsins are widely distributed in flies, birds, and nocturnal
rodents (4, 5). Action and absorption spectra have been
recorded for rhodopsins at both edges of the visible spectrum,
but further spectroscopic studies based on the structure and
dynamics of the photoreceptors aremissing because of difficul-
ties in purifying these proteins in sufficient amounts. In pro-
karyotes like archaea or eubacteria, rhodopsins serve as light-
driven H� or Cl� pumps or mediate signal transduction via a
two-component signaling system (6). Another branch that is
rich in rhodopsin-related proteins is freshwater algae. Photo-
taxis of motile species like Chlamydomonas reinhardtii is
mainly mediated by the light-gated ion channel channelrho-
dopsin, which is currently widely used in the new field of opto-
genetics to activate individual cells or cell types in brain slices or
live animals to understand neuronal networks (7). Recently, a
previously undescribed class of rhodopsin sequences has been
found in several algal genomes including C. reinhardtii (8).
These rhodopsins are directly connected via the C terminus to
a histidine kinase and a response regulator, defining a novel
rhodopsin subfamily of histidine-kinase rhodopsins (HKRs).5
C. reinhardtii contains four HKR sequences, two of them with
an additional cyclase domain (Fig. 1,A andB). They are believed
to constitute functional two-component systems. It has been
suggested that these HKRs are involved in cell cycle regulation
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and circadian rhythmicity in the marine microalga Ostreococ-
cus, but molecular characterization is still lacking (9).

EXPERIMENTAL PROCEDURES

Antibody Production and Immunolocalization—Response
regulator fragments of HKR1 (accession number AAQ16277)
fused with a Sumo tag were expressed in Escherichia coli and
purified under nondenaturing conditions by immobilized
metal ion affinity chromatography. Approximately 3 mg of
affinity-purified HKR1-RR protein was provided to a commer-
cial facility (Genie, Bangalore, India) for raising polyclonal anti-
body in rabbit. The antigenicity of a peptide from the rhodopsin
domain of HKR1 was predicted by the web-based Kolaskar and
Tongaonkar antigenic prediction tool (10). The peptide was
synthesized, and keyhole limpet hemocyaninwas conjugated to
its C terminus before injecting into rabbit. The specificity of
each antibody was checked by immunoblotting by standard
procedures using the respective affinity-purified proteins as
antigens. Immunolocalization of HKR1 in C. reinhardtii was
performed as described in the supplemental material.
Protein Purification—A humanized HKR1 sequence (amino

acids 1–250) was heterologously expressed in the methyl-
otrophic yeast Pichia pastoris. Protein production was induced
by the addition of 2.5% methanol and 5 �M all-trans-retinal to
the growth medium. Protein purification was performed in a
manner analogous to earlier described purification processes
(11, 12) with modifications (see supplemental material). All
spectroscopic studies were performed in a HEPES buffer, pH

7.4, containing 0.03% dodecyl maltoside. The pH dependence
was tested using HEPES for pH 7.4 and 9 and citrate for pH 4.5
and 6.
UV-Visible Absorption Spectroscopy and Flash Photolysis—

Absorption spectra and slow kinetics were recorded at 20 °C
using a Cary 50 Bio spectrophotometer (Varian, Inc., Darm-
stadt, Germany) at a spectral resolution of 1.6 nm. Dark sam-
ples were measured after a dark adaptation period of 10 min.
Light spectra were detected after a 1-min illumination with a
0.11-W UV- light-emitting diode (LED) (380 nm) or a 0.12-W
blue LED (470 nm, both Nichia Corporation, Tokushima,
Japan), respectively.
Transient spectroscopywas performed at 19 °C on an LKS.60

flash photolysis system (Applied Photophysics Ltd., Leather-
head, UK) equipped with a tunable Rainbow OPO/Nd:YAG
laser system and an Andor iStar ICCD Camera with 2-nm res-
olution (Andor Technology, Belfast, Northern Ireland). Laser
energy was adjusted to 3 millijoules/shot, and the pulse dura-
tion was 10 ns.When excited with 483- or 355-nm laser pulses,
the samples were preilluminated for 2 s with four 375- or
470-nm LEDs (4 � 0.1 W; Nichia Corporation, Tokushima,
Japan), respectively. Further details have been described earlier
(13, 14). For data analysis, we used MATLAB (Release 2012a;
The MathWorks, Natick, MA) and identified the significant
components of the system by singular value decomposition.
Subsequent target analysis with a sequential kinetic model
yielded the kinetic constants, the component spectra, and the
reconstructed data set.
Ultrafast Transient Spectroscopy—Spectrally resolved fem-

tosecond transient absorption spectroscopy with an instru-
ment response function of 80 fs was carried out with a setup
described earlier (15). To prevent multiple excitations of the
same sample volume, the sample was moved in a Lissajous
scanner as described previously (16). Data analysis was carried
out with the Glotaran software package (17).
Resonance Raman Spectroscopy—Rh-UV/Bl. HKR1 (500 �l;

A380 � 3) in H2O and D2O buffers (100 mM NaCl, 20 mM

HEPES, 0.03% dodecyl maltoside, pH/pD 7.4) was measured
using a LabRam confocal setup (18). Samples were continu-
ously mixed, facilitated by a magnetic ball inside a rotating
cuvette, and the accumulation time was 1 h at 1-mWexcitation
light. For Rh-Bl, the excitation wavelength was 514 nm and a
background of UV LEDs (375 nm) was needed to accumulate
sufficient amounts of this state. Without UV LED, Rh-Bl was
excited by the laser to Rh-UV, and the spectra afforded only the
Raman bands of the buffer. The spectra with and without UV
LEDwere subtracted from each other to obtain the spectra free
of buffer contributions. A similar procedure was used for the
Rh-UV state, except for choosing an excitation line at 413 nm
and blue LEDs (480 nm). Spectra were calibrated using toluene
standard spectra, and a polynomial background was subtracted
(BR-M410). Purified purple membrane from H. halobium
strain S9 (2ml,A570 �2; 10mMTris, pH 8) wasmeasured using
a 250-mW 514-nm pump and 25-mW 413-nm probe beams
(delay time�1ms and spectra acquisition time�4 h) using the
rotating cuvette technique as described previously (19). The
413-nm probe-only spectrum was used to subtract the Raman

FIGURE 1. Basic features of HKR1. A, general modular assembly of HKRs.
B, specific modular composition of HKR1 and HKR2 of C. reinhardtii (Rhod,
rhodopsin; Kin, histidine kinase; RR, response regulator; Cyc, cyclase). C, local-
ization of HKR1 in the Chlamydomonas eye using antibodies against Rh (red)
in comparison with Nomarsky images (left two panels) and against the
response regulator RR (red; right two panels) combined with an �-tubulin
labeling (green). Scale bars, 4 �m. D, absorption spectra of recombinant Rh-UV
and Rh-Bl. E, stability of Rh-Bl (red line) and Rh-UV (black line). Absorbance
changes were recorded during 10-min illumination and 50 min in darkness.
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bands of the buffer. HPLC analysis of the extracted isomers of
retinal was performed as described by Landers et al. (20).

RESULTS

Localization of HKR1 in the Eyespot of Chlamydomonas—As
a first action we produced antisera against the rhodopsin frag-
ment (Rh) and the response regulator portion (RR) of HKR1 to
localize the protein in the alga. Both antisera identified a 170-
kDa protein in the membrane fraction of C. reinhardtii. Both
antisera allowed us to localize HRK1 within the eyespot area of
the alga as seen in Fig. 1C.
UV-Visible Spectroscopic Characterization of Heterologously

Expressed HKR1-Rhodopsin—In a second approach, we
expressed the Rh fragment of HKR1 in the methylotrophic
yeast P. pastoris complemented with all-trans retinal. The
recombinant protein showed an absorption maximum at 380
nm (Fig. 1D), only a few nm shifted relative to the absorption of
free retinal. However, the absorption was fine-structured, sug-
gesting that the retinal was bound to protein without forming a
protonated retinal Schiff base (12). Illumination of the protein
with a 380-nm UV LED shifted the spectrum to 480 nm on the
time scale of a few seconds (Fig. 1D). This blue-absorbing rho-
dopsin (Rh-Bl) was stable for hours (Fig. 1E), but it photochem-
ically back-converted upon illumination with a blue LED (480
nm).Whereas the absorption spectra of Rh-UV and Rh-Bl were
found to be pH-independent over the pH range from 6 to 9, we
observed for Rh-UV an altered fine structure and a shift of the
maximum of 5 nm for Rh-Bl at pH 4.5 (supplemental Fig. 1A).
Chromophore Isomer Composition in HKR1—To decipher

retinal composition, we extracted in preliminary experiments
the retinoids after reaction with hydroxylamine and separated
the isomers by high pressure liquid chromatography (HPLC).
Unexpectedly, 13-cis retinal was the dominant isomer in
Rh-UV. In contrast, Rh-Bl showed an enhanced all-trans frac-
tion, suggesting that at least the main photochemical reaction
in going from Rh-UV to Rh-Bl is a 13-cis to all-trans isomeriza-
tion. During the extraction procedure retinoids tend to ther-
mally isomerize in favor of all-trans; therefore, we more thor-
oughly characterized the structures of the chromophores in
Rh-UV and Rh-Bl using resonance Raman spectroscopy.
Resonance Raman spectra of the Rh-UV and Rh-Bl states of

HKR1 were measured using 413-nm and 514-nm excitation,
respectively. Photoconversion of Rh-UV and Rh-Bl by the
exciting laser beam was compensated by continuous illumina-
tion with blue and UV LED light, respectively. The resonance
Raman spectrum of Rh-Bl indicates the coexistence of two ret-
inal isomers at similar relative contributions, as reflected by the
two closely spacedC�Cstretchings of the retinal chain at 1540
and 1550 cm�1 (Fig. 2A). Both chromophores are attached to
the protein via protonated Schiff bases that give rise to two C�
N stretching modes at 1633 and 1652 cm�1. The significant
frequency difference between these two bands, which shift
down to 1621 cm�1 upon H/D exchange (Fig. 2, inset), can at
least partly be related to different hydrogen bonding or electro-
static interactions with the counter ion (21). For the Rh-UV
state, however, there is no indication for structural heterogene-
ity of the chromophore (Fig. 2B). The C�C stretchingmode at
1566 cm�1 displays a symmetric bandshape, and there is only a

single band in the C � N stretching region at 1614 cm�1. The
relatively low frequency of this band and the lack of isotopic
shifts upon H/D exchange indicate a deprotonated Schiff base
(Fig. 2, inset). In fact, comparison with the resonance Raman
spectrum of the M410 state of bacteriorhodopsin comprising a
deprotonated 13-cis retinal Schiff base demonstrates extensive
similarities, with only small frequency differences for the con-
jugate bands (Fig. 2, B and C).
Transition Dynamics between Rh-UV and Rh-Bl—Next,

these were analyzed by flash photolysis on the microsecond to
second time scale. The proteinwas accumulated in theUV state
by a 1-s 480-nm LED light pulse and subsequently stimulated
with a UV laser flash. Spectra were recorded at different times
after the flash. Very little changewas seen between 1�s and 500
�s before the Rh-Bl appeared, with a rise time of � � 2.3ms (Fig.
3, A and B). No significant absorption change was seen during
the conversion fromRh-UV to Rh-Bl, leading to the question of
how the light energy was stored for such a long time before
protonation of the retinal Schiff base occurred during the
appearance of Rh-Bl. In contrary, the phototransformation
from Rh-Bl back to Rh-UV resembles the photoinduced pro-
cesses of known retinal proteins. Immediately after a blue laser
flash, an early photointermediate, P560, appeared, which
relaxed with a � of 3.5 ms to a second species (P570) with a
further red-shifted absorption. The latter disappeared with � of

FIGURE 2. Resonance Raman spectra of the two Rh isoforms. A, spectrum
of Rh-Bl, obtained with 514-nm excitation and UV LED irradiation. B, spectrum
of Rh-UV, obtained with 413-nm excitation and blue LED irradiation. C, spec-
trum of the bacteriorhodopsin M412 state measured in a pump (514-nm)
probe (413-nm) time-resolved resonance Raman experiment. Raman bands
of the buffer have been subtracted. C � N stretching modes in H2O (black)
and D2O (gray) are compared in the inset.
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54 ms upon the formation of the Rh-UV state (Fig. 3, D and E);
the difference spectra of the intermediates are shown in Fig. 3F.

To decipher the early processes of the photoreactions, espe-
cially those of Rh-UV, we investigated the reactions of Rh-UV.
Absorbance changes between 360 and 670 nm were recorded
after excitation at 350 nm with a pulse width of about 80 fs at
delay times of up to 3.5 ns. Background illumination of 450 nm
was applied to keep the gross amount of Rh in theUV state. The
time-resolved data were globally analyzed in terms of a sequen-
tial scheme of interconverting evolution-associated difference
spectra (EADS) with increasing lifetimes (1-�2-�3-� . . . ).
The first EADS (Fig. 4A, black) shows ground-state bleaching
(GSB) near 380 nm and a broad excited-state absorption (ESA)
that features two bands at �480 nm and 580 nm and can be
assigned to the initially prepared excited state. This EADS
evolves in 365 fs into the red EADS, which shows a small blue
shift of the ESA to �470 nm, a slight loss between 500 and 670
nm, and a general narrowing of the absorbance features. The
red EADS evolves within 5 ps into the green EADS, which is
spectrally similar (Fig. 4A, green dashed spectrum) and shows an
amplitude loss of approximately 50%. This EADS then decays
within 60 ps into the nondecaying EADS (blue line in Fig. 4A),
which shows an amplitude decrease to almost zero, leaving only
a very small bleach at around 425 nm and an even smaller
induced absorption near 450 nm. The kinetics of photoproduct
formation are illustrated nicely by the absorbance change at 402
nm,which features both the large initial GSB and the small final
product bleach (Fig. 4B).
We interpret the spectral evolution as follows. (i) Upon prep-

aration of the excited state in the Franck-Condon region, struc-

tural and/or vibrational relaxation takes place in 365 fs, result-
ing in narrowing and blue-shifting of the ESA. (ii) The relaxed
excited state decays biexponentially with time constants of 5
and 60 ps, most likely due to the conformational heterogeneity
of the protein. (iii) The final spectrum has a very small ampli-
tude, which implies that the primary photoproduct has absorp-
tion characteristics that are very similar to that of the Rh-UV
parent state. We propose that isomerization of the RSB takes
placewith time constants of 5 and 60 ps, but that due to a lack of
chromophore-protein interactions, absorption changes after
the isomerization of deprotonated RSB are very low. This inter-
pretation is in line with the �s to ms flash photolysis experi-
ments of Fig. 3, which show a spectrally silent deprotonated
species before protonation occurs in 2.3 ms. The excited state
lifetimes of 5 and 60 ps are unusually long for a rhodopsin (22,
23). A study on unprotonated Schiff base model compounds
showed that decreasing the polarity of the environment
strongly increases the excited state lifetime (24). Thus, the long
lifetime of the Rh-UV S1 state is fully consistent with an unusu-
ally unpolar retinal binding pocket. Next, femtosecond tran-
sient absorption spectroscopy was performed on Rh-Bl, with
excitation at 500 nm and constant background illumination at
380 nm, to recover Rh-Bl. Global analysis indicated that four
kinetic components are required for a satisfactory fit; the cor-
responding EADS are shown in Fig. 4C. The first EADS (black)
is attributed to the initially prepared excited state of Rh-Bl,
featuring a GSB at 480 nm and the ESA at 570 nm. This EADS
evolves into the red EADS in 643 fs, which shows a similar GSB
at reduced amplitude and a blue-shifted, narrowed ESA near
560 nm, indicative of structural and/or vibrational relaxation in

FIGURE 3. Dynamics of the Rh-UV/Rh-Bl transitions. A and D, illumination protocol and three-dimensional reconstructions of time-resolved absorbance
changes of Rh-UV (A) and Rh-Bl (D) at pH 7 after 10-ns laser flashes of 380 (A) and 480 nm (D). Samples were illuminated for 2 s with a 480- (A) or 380-nm (D) LED
prior to flash application. B and E, time course of individual components as they appear from singular value decomposition analysis. C and F, typical different
spectra at selected times after flash.
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the excited state. Additionally, a negative signal is observed
around 720 nm, attributed to stimulated emission. As a result of
extensive overlap with ESA, the stimulated emission signal is
small. The next EADS (green) is formed in 4.5 ps. It features an
overall loss in amplitude and a further blue shift of both theGSB
(475 nm) and induced absorbance (550 nm). The final, nonde-
caying EADS is formed in 410 ps and shows a further blue shift
of the GSB (460 nm) and an overall increase in intensity. The
final EADS shows remarkable similarity to the difference spec-
trum obtained in the flash photolysis experiment after 1 �s
(P560). A simple target model (Fig. 4E) was applied to the tran-
sient data set, which, in contrast to the sequential model
described above, allows the disentanglement of branched reac-
tions and ideally produces the true, so-called species-associated
difference spectra. We included relaxation of the excited state,
with subsequent biexponential decay to an intermediate (I1),
and a final, nondecaying species, which is identical to the P560

intermediate from flash photolysis. Similar to previous investi-
gations on channelrhodopsin-2 from C. reinhardtii (25), we
observe species-associated difference spectra (Fig. 4F) charac-
teristic of vibrational and/or structural relaxation of the excited
state in�300 fs, followed by a biexponential decay with 0.6 and
5 ps into I1. The excited state lifetimes are visible in the decay of
stimulated emission at 720 nm (Fig. 4D) within the first 20 ps
after the relaxation of the primary excited state. The I1 inter-
mediate shows an overall blue shift of the difference spectrum
compared with the excited state, along with a significant loss in
signal. This difference spectrum represents a red shift of the
absorbance of Rh-Bl, similar to that observed for J and K inter-
mediates in bacteriorhodopsin (BR) (23). The final P560 inter-
mediate is formed from I1 within 400 ps along with a blue shift,
an increase in negative contributions, and an increase but no
spectral shift in the induced absorption. This behavior is also
clearly illustrated by the absorbance change at 527 nm (Fig. 4D),
which shows excited state absorption decaying within the first
20 ps and a slow increase at later delay times.

DISCUSSION

The first spectroscopically characterized UV-rhodopsin
belongs to a yet-uncharacterized class of HKRs (supplemental
Fig. 2). The localization of HKR1 within the eyespot of C. rein-
hardtii originally surprised us because phototaxis was thought
to bemediated exclusively by the channelrhodopsins ChR1 and
ChR2 (26, 27), and control of photobehavior has been consid-
ered the major if not exclusive role of the eye.
However, because the proposed photoreceptor Chlamyop-

sin-2 (Cop2), which is involved in the assembling of photosys-
tem-1 (28), is also localized in the eye, it appears to be that algal
eyes aremore general sensory organelles. Furthermore, the fact
that the dark-adapted Rh of HKR1 absorbs in the UV range is
surprising because, to our knowledge, no specific UV response
has ever been described for C. reinhardtii, suggesting that
HKR1 mediates more general UV avoidance reactions or sim-
ply UV stress responses that modify sensory processes in the
presence of UVA light.We have so far been unable to function-
ally reconstitute the complete HKR1 in E. coli or Xenopus
oocytes aswe have done previously for the small photoactivated
cyclase bPAC (13); therefore, we do not knowwhether HKR1 is
a guanylyl cyclase or an adenylyl cyclase. cAMP has been sug-
gested as an abiotic stress metabolite in C. reinhardtii whereas
the role of cGMP is unknown. Intraflagellar cAMP increases
upon sexual agglutination to reduce flagellar motility after the
mating partners come in contact (29). A regulatory role of
cAMP within the eyespot organelle is conceivable. UVA-sensi-
tivemicrobial rhodopsins have not been described so far but are
now expected to be present in many algae. Functions for this
“new” rhodopsin subfamily await further elucidation. C. rein-
hardtii additionally contains a UVB receptor, whose homolog,
UVR8, has been recently characterized in Arabidopsis (30).
This protein uses tryptophan side chains arranged in an exci-
tonically coupled cluster at the dimer interface as the sole
intrinsic receptor pigment. Excitation with 280 nm leads to
monomerization of the protein and binding to COP1 (CON-
STITUTIVELY PHOTOMORPHOGENIC 1), resulting in a
general photoprotection response.

FIGURE 4. Ultrafast dynamics of Rh-UV and Rh-Bl. A, spectral evolution of
Rh-UV after excitation at 350 nm is illustrated by sequentially interconverting
EADS with their corresponding lifetimes. B, kinetic trace at 402 nm and its
corresponding fit show the evolution of the GSB of Rh-UV into the final pho-
toproduct. The green dashed spectrum in A represents the green EADS scaled
by a factor of 1.9 and shows the almost identical spectral signature of the red
and green EADS. C, spectral evolution of Rh-Bl is displayed after excitation
according to a model with sequentially interconverting EADS and their cor-
responding lifetimes. D, absorbance change at 557 nm after 500 nm excita-
tion illustrates the spectral evolution of Rh-Bl into the P560 intermediate. At
early times the absorption corresponds to the decay of excited state absorp-
tion, whereas at later times the absorption increases due to P560 formation.
The kinetic trace at 720 nm (D) shows a fast decay of excited state absorption
into a small negative feature corresponding to stimulated emission. E and
F, spectral evolution of Rh-Bl after 500-nm excitation was analyzed using a
branched model (E) with the corresponding species-associated difference
spectra (F).
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The large photochromic shifts as found for HKR1 and the
great stability of Rh-UV are unprecedented findings for a
microbial rhodopsin. Such photochromism is commonly found
in fly rhodopsins or in retinochromes (31). Small fully reversible
photochromic shifts have been reported for Anabaena sensory
rhodopsin where orange illumination of the dark state (�max �
549 nm) photoisomerizes all-trans retinal into 13-cis light-
adapted state (�max � 537 nm) that is stable for a few hundred
minutes (32). Phototactic signaling in archaea by sensory rho-
dopsin I is mediated via a bimodal photochemical switching
between the dark state absorbing at 590 and the signaling state
with deprotonated chromophore absorbing at 370 nm (P370)
(33). However, the thermal life time for the signaling state is a
half-second and not hours as in the case of HKR1. From the
molecular aspect, it is very interesting to know why the chro-
mophore is deprotonated in its most stable dark state. Because
the resonance Raman spectra are sensitive to both 13-cis/trans
and 15-syn/anti isomerization (Fig. 5), the excellent agreement
between the Raman spectra of Rh-UV and the BR-M410 pho-
tocycle intermediate points to a 13-cis configuration of the RSB
with an anti conformation of the C � N bond (13-cis,15-anti)

(34, 35). There are no indications for contributions by an all-
trans chromophore because the respective characteristic
marker bands, such as a distinct band at 1153 cm�1, are not
detectable in the Raman spectrum (34). Homology modeling
with structures of other microbial rhodopsins as bacteriorho-
dopsin, halorhodopsin, SRII, and channelrhodopsin C1C2 (Fig.
6), for which three-dimensional structures are available (36–
38), led to the assumption that in a 13-cis,15-anti configuration
(Fig. 5A) the free electron pair of the Schiff base nitrogen is
facing away from the bona fide counterion Asp-239. This con-
figuration makes protonation of the nitrogen highly unfavor-
able as in the BR-M state, where the pKa of the Schiff base is 7
units lower compared with the dark state. In contrast, for Rh-Bl
we suggest that the electron pair of the Schiff base nitrogen is
facing towardAsp-239, thereby stabilizing the protonated state.
In this case, two states, 13-cis,15-syn and 13-trans,15-anti,
could accomplish this condition (Fig. 5, B and C). Consistent
with the Raman data, both such states could exist in slow ther-
mal equilibrium in the Rh-Bl state. This is not unlikely because
exactly these two states do coexist in dark-adapted BR, as
shown most clearly by nuclear magnetic resonance (NMR)
spectroscopy (36). We challenged the claim that Asp-239 is the
counterion of the retinal Schiff base by substituting Asp-239 by
Glu and Asn. D239N did not form a chromophore whereas
D239E-Rh-Bl did (Fig. 6B), and the absorption of the blue state
was hypsochromically shifted by 13 nm (Fig. 6C). Photoconver-
sion from Rh-UV to Rh-Bl involves a branched reaction path-
way leading to two chromophore isomers with protonated
Schiff bases, attributed to an all-trans and 13-cis configuration,
respectively. A possible explanation may be that photoexcita-
tion of Rh-UV leads to an electronically excited state that allows
for both a rotation around the C(13) � C(14) double bond (Fig.
5, blue arrow) and for an anti/syn isomerization of the C(15) �
N Schiff base in principle (Fig. 5, green arrow). This dual option
of molecular events may be a tribute to the unusually long life-

FIGURE 5. A–C, schematic representation of the 13 � 14 and 15 � N conform-
ers of the retinal Schiff base. Possible isomerizations are indicated by colored
arrows. We conclude that the conformation of the Rh-UV state is 13-cis,15-anti
(A), whereas Rh-Bl represents an equilibrium of 13-cis,15-syn (B) and
13-trans,15-anti (all-trans) (C). The two Rh-Bl conformers thermally equilibrate
by double isomerizations (red�blue or red�green). D, proposed photocycle
summarizing interconversion of the light-induced reaction intermediates as
observed after 380-nm excitation (purple arrow) and 500-nm excitation (green
arrow) in ultrafast and flash photolysis spectroscopic experiments.

FIGURE 6. Active site. A, homology model of HKR1 based on BR. The model
shows a seven-transmembrane structure and a lysine to bind the chro-
mophore. The retinal and conserved residues in the retinal binding pocket
(HKR1, black; BR, blue), are highlighted in color. B and C, normalized absorb-
ance spectra of the HKR mutant D239E (solid lines) compared with wild-type
(WT) HKR1. The WT and D239E Rh-UV forms have an absorbance maximum at
380 nm (B). The aggregation tendency of the purified mutant causes
increased scattering. The absorbance maximum of D239E-Rh-Bl shows a
13-nm shift to lower wavelengths and more scattering in the UVA-region (C).
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time of the electronically excited state of �60 ps in case of
Rh-UV. A sole anti/syn isomerization around the C(15) � N
bond has been described for the photochemical transition from
the Meta-II to Meta-III states of rod bovine rhodopsin (39). In
contrast to the unusual photochemistry of Rh-UV, Rh-Bl shows
typical rhodopsin photochemistry as observed in BR and chan-
nelrhodopsin. Therefore, it might be conceivable that the two
excited state deactivation pathways originate from the two pro-
posed isomers, which are not necessarily both productive for
the Rh-UV state. Due to the high stability of the Rh-UV state
and thermal equilibrium between both proposed Rh-Bl retinal
conformations, it is nevertheless possible to create Rh-UV
quantitatively by continuous illumination. In conclusion, the
rhodopsin part of HKR1 can switch between two isoforms
Rh-UV andRh-Bl that are both thermally stable in darkness but
are efficiently interconverted by UV and blue light. Rh-UV is
unusual in the sense that the excited state lifetime is exception-
ally long and the early photoproducts are hardly seen as changes
in the visible spectrum. The underlying processes await further
elucidation, for example by infrared studies on an ultrafast time
scale.
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