4310 Biophysical Journal Volume 89 December 2005 4310-4319

Rhodopsin-Mediated Photoreception in Cryptophyte Flagellates
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ABSTRACT We show that phototaxis in cryptophytes is likely mediated by a two-rhodopsin-based photosensory mechanism
similar to that recently demonstrated in the green alga Chlamydomonas reinhardtii, and for the first time, to our knowledge,
report spectroscopic and charge movement properties of cryptophyte algal rhodopsins. The marine cryptophyte Guillardia theta
exhibits positive phototaxis with maximum sensitivity at 450 nm and a secondary band above 500 nm. Variability of the relative
sensitivities at these wavelengths and light-dependent inhibition of phototaxis in both bands by hydroxylamine suggest the
involvement of two rhodopsin photoreceptors. In the related freshwater cryptophyte Cryptomonas sp. two photoreceptor
currents similar to those mediated by the two sensory rhodopsins in green algae were recorded. Two cDNA sequences from G.
theta and one from Cryptomonas encoding proteins homologous to type 1 opsins were identified. The photochemical reaction
cycle of one Escherichia-coli-expressed rhodopsin from G. theta (GiR1) involves K-, M-, and O-like intermediates with relatively
slow (~80 ms) turnover time. GfR1 shows lack of light-driven proton pumping activity in E. coli cells, although carboxylated
residues are at the positions of the Schiff base proton acceptor and donor as in proton pumping rhodopsins. The absorption
spectrum, corresponding to the long-wavelength band of phototaxis sensitivity, makes this pigment a candidate for one of the G.
theta sensory rhodopsins. A second rhodopsin from G. theta (GtR2) and the one from Cryptomonas have noncarboxylated
residues at the donor position as in known sensory rhodopsins.

INTRODUCTION

Most unicellular flagellate algae are phototactic, i.e., capable
of orientation with respect to the direction of light (for
review, see Witman (1), Kreimer (2), and Hegemann (3)).
Light tracking is based on a periodic shading and irradiation
of the photoreceptor during helical swimming (for review, see
Foster and Smyth (4)). In addition, an abrupt change in the in-
tensity of ambient light causes a photophobic response—a
transient stop or reorientation of the cell movement. Mecha-
nisms of photobehavior have been most studied in Chlamydo-
monas reinhardtii and related chlorophytes, and in the
euglenophyte Euglena gracilis. Phototaxis and the photo-
phobic response in Chlamydomonas are mediated by two
sensory rhodopsins, Chlamydomonas sensory rhodopsin A
(CSRA) and B (CSRB), photoexcitation of which triggers
a cascade of transmembrane electrical currents leading to
flagellar motor responses (for recent reviews, see Kateriya
et al. (5) and Sineshchekov and Spudich (6)). In contrast,
photobehavior in Euglena involves a receptor flavoprotein,
photoactivated adenylyl cyclase (7,8).
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Over the past five years, genomic studies have revealed
a broad distribution of rhodopsins in microorganisms in all
three domains of life: Archaea, Eubacteria, and Eukarya (9).
Many of the thodopsins are of unknown function; however,
within each domain examples of both transporters and
sensory receptors have been demonstrated (9—11). CSRA
and CSRB of Chlamydomonas are the only known sensory
retinylidene receptors in eukaryotic microorganisms for
which the function has been proven experimentally (12).
The similar photobehavior and photoelectric responses in
Chlamydomonas and other tested green algae (Haemato-
coccus, Polytomella, Spermatozopsis, Hafniomonas, and
Volvox) indicate that light perception likely involves two
rhodopsin photoreceptors in the entire group of chlorophy-
cean flagellates (6). Much less is known about the phototaxis
receptors in other systematic groups of flagellates.

Cryptophytes originated from a eukaryotic host cell and
a eukaryotic endosymbiont by secondary endosymbiosis
(13). Unlike any other flagellate algae, they contain phycobi-
lins as accessory photosynthetic pigments, as do red algae
and cyanobacteria. Many cryptophytes demonstrate photo-
behavior similar to that in Chlamydomonas and Euglena
(reviewed in Watanabe and Erata (14)), but the chemical
nature of their phototaxis receptors and the transduction
mechanisms have been so far unclear. An early action
spectroscopy study in Cryptomonas sp. CR-1 suggested
phycoerythrin as the phototaxis receptor (15). However,
subsequent comparative analysis of phototaxis action spectra
in several cryptomonad species containing different phico-
bilins ruled out this possibility (16).

doi: 10.1529/biophys;.105.070920
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Guillardia theta is a marine cryptophyte used as a model to
study plastid evolution. Genomes of both the chloroplast and
nucleomorph (a remnant nucleus of the engulfed eukaryotic
endosymbiont) of G. theta have been completely sequenced
(17,18), and generation of a nuclear expressed sequence tags
(EST) database is currently under way. A BLAST search of
this database revealed a cDNA sequence encoding a protein
homologous to microbial (type 1) opsins (9,19).

Here we report analysis of photobehavior in G. theta
and photoelectric currents in a close relative of G. theta—a
freshwater Cryptomonas species. The results show that photo-
motility in cryptophytes likely involves a dual rhodopsin-
based photosensory system similar to that in chlorophytes.
Optical and electrical characteristics of the firstknown G. theta
rhodopsin expressed in Escherichia coli suggest its possible
role as one of the phototaxis receptors. We also report iden-
tification of a second rhodopsin species in G. theta, and a
highly homologous sequence in the phototactic freshwater
Cryptomonas with characteristics typical of light sensors.

MATERIALS AND METHODS
Strains and culture conditions

G. theta and Cryptomonas sp. strain S2 were obtained from the culture
collection of algae at Philipps-University Marburg (Marburg, Germany) and
grown in liquid salt water medium (20) at 21°C, or in liquid Moor-Chu
medium (21) at 15°C, respectively, at a light/dark cycle of 14/10 h (1.28 W
m™~2) from cool fluorescence lamps. Cultivation of C. reinhardtii (strain 495)
used for control measurements of photoaccumulation was as described (22).
E. coli strains DH5a and MRF’ were used for cloning, and strain UT5600
for expression of G. theta opsin. E. coli transformants were grown in LB
(Luria-Bertani) medium in the presence of ampicillin (50 wg/ml) at 37°C.

G. theta EST library construction and analysis

A G. theta EST library was constructed by Vertis Biotechnologie (Freising,
Germany) and cDNA clones were sequenced from their 5" ends by MWG-
Biotech (Ebersberg, Germany). BLASTX search of GenBank revealed that
the clone sg05_004_f10 encodes a protein homologous to type 1 opsins.

Cloning of opsin homologs from
Cryptomonas sp. S2

Total RNA was extracted from 100 ml of 2-week-old culture of Cryptomonas
S2 using Trizol reagent (Invitrogen, Karlsruhe, Germany). Synthesis of 3’
and 5’ rapid amplification of cDNA ends (RACE) ready first-strand cDNAs
and 3’ and 5" RACE polymerase chain reaction (PCR) were carried out
using SMART RACE cDNA amplification kit (BD Biosciences Clontech,
San Jose, CA). 3" RACE was performed using the forward degenerate
primer TAYRYXGAXTGGXTXXTXACXACXCC based on the consen-
sus amino acid residue sequence in the most conserved region of helix C
derived from alignment of type 1 opsins. The PCR product was gel-purified,
cloned into pGEM-T vector (Promega, Madison, WI), and sequenced.
5" RACE was performed using the specific reverse primer GATGGT-
CAACCATGCCACCTTGCC designed according to the sequence of the
cloned PCR product ~240 bp downstream from the annealing site of the
degenerate primer. Analysis of the PCR product was performed as before.
Similar RACE procedures using specific primers were carried out to verify
the sequence of G. theta opsin from EST272.
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Genomic PCR

Genomic PCR was used to test for the presence of introns in the coding
regions of the genomic copies of the two G. theta opsin sequences. Genomic
DNA was isolated from 1-week-old G. theta culture using Trizol reagent
(Invitrogen, Karlsruhe, Germany). Genomic PCR was performed using Tagq
DNA polymerase (Fermentas, St. Leon-Rot, Germany) and primers based on
the coding regions of G. theta opsin cDNA sequences. The PCR products
were gel-purified, cloned into pGEM-T vector (Promega, Madison, WI), and
sequenced.

Construction of an expression plasmid
encoding G. theta rhodopsin 1

A C-terminal Hisg tag and Ndel/Hindlll restriction sites were introduced by
PCR into the fragment of G. theta cDNA homologous to type 1 opsins found
in EST272 of G. theta cloned in a pBluescriptll KS+. The Ndel/Hindlll
restriction fragments were subcloned into a modified version of the E. coli
vector pET-15b (23). From this vector, the constructs were transferred to
the Xbal/HindllI site of a modified E. coli expression vector pMS107 (24).
The resultant plasmids were partially sequenced to verify correct insertion
of the constructs.

Protein expression, purification, and Western
blot analysis

E. coli cells transformed with Guillardia opsin were grown to Asso = 0.4
and induced with 1 mM isopropyl-3-D-thiogalactopyranoside and 10 uM
all-trans retinal. After 4 h, cells were harvested by centrifugation and
sonicated in buffer containing 150 mM NaCl and 30 mM Tris-HCI, pH 7.0.
Unbroken cells and cell debris were removed by centrifugation for 15 min at
2600 X g. Cell lysates were incubated for 20 min with 1% n-dodecyl-B-D-
maltopyranoside (Anatrace, Maumee, OH) at 4°C. Nonsolubilized material
was removed by a second centrifugation at 20,000 X g for 15 min at 4°C.
The supernatant was combined with Ni-NTA agarose (Quiagen, Valencia,
CA) and incubated for 4 h on a rotator at 4°C in the presence of 5 mM
imidazole. The mixture was washed twice with two bed volumes of 20 mM
imidazole and eluted with 250 mM imidazole in the same buffer containing
0.01% n-dodecyl-B-D-maltopyranoside. The fractions with the highest Aygq
were collected and dialyzed against the same buffer without imidazole.
Protein concentration was measured with the protein assay kit from Bio-Rad
Laboratories (Hercules, CA). Proteins in the collected fractions were sepa-
rated by 12% SDS-PAGE and analyzed with an anti-Hise antibody (BD
Biosciences Clontech) using a standard Western blot protocol.

Spectroscopy

Flash-induced absorption changes were acquired with a laboratory-con-
structed cross-beam flash-photolysis system. The actinic flash was from an
Nd-YAG pulse laser (Continuum, Surelite I, Santa Clara, CA; 532 nm, 6 ns,
40 mlJ). Signals from the photomultiplier were amplified by a low-noise
current amplifier Keithley 428 (Keithley Instruments, Cleveland, OH),
digitized by a DIGIDATA 1320A at 2 us/point and stored in a PC using the
Clampex 9.0 program (both from Axon Instruments, Foster City, CA). We
averaged 20-100 transients obtained with a 5-s flash interval. To minimize
excitation artifacts, equal numbers of individual sweeps with the measuring
beam blocked (scattered light) were averaged and subtracted from the
measuring beam-monitored signals.

Photoelectric measurements

Photoinduced electrical signals were recorded in the freshwater cryptophyte
Cryptomonas sp. S2 by the suspension method described earlier (22).
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Asymmetric photocurrents in cells oriented by gravitaxis were picked up by
two platinum electrodes placed in the vertical plane. A photoflash (<1 ms
duration) in combination with heat-protecting and interference or broad-
band filters in the blue-green region was used for excitation. Signals were
amplified by a model 564 current amplifier (Ithaco, Ithaca, NY). Intra-
molecular charge movements in G. theta opsin were measured in suspen-
sions of E. coli cells expressing this pigment. A recently developed approach
based on the light-focusing effect within the cells under unilateral 532-nm
laser or photoflash excitation was used (25). Data acquisition was as de-
scribed for spectroscopic measurements (see above).

Measurement of photoaccumulation

Experiments were carried out in G. theta cultures between 2 and 3 weeks after
inoculation. Photoaccumulation of cells was measured at the illuminated side
of a rectangular cuvette (30 X 20 X 1 mm inner dimensions) placed under the
microscope. A fresh sample of cells in the growth medium was used for each
recording to avoid adaptation. The actinic light was provided by a halogen
lamp supplemented with heat-protecting and interference filters (half-
bandwidth, 7 nm) (Schott, Mainz, Germany). The monitoring light from
a microscope illuminator supplemented with a cutoff filter (>730 nm) was
directed at 90° to the actinic light. The optical signal was recorded with
a photodiode (FD24K, Kontest, Moscow, Russia) in series with a low-noise
current preamplifier (model 564, Ithaco) and digitized by a MiniDigi
interface controlled with the Axoscope software (both from Axon Instru-
ments). The Clampfit 9.0 program (Axon Instruments) and Origin 7.0 pro-
gram (OriginLab Corp., Northhampton, MA) was used for data analysis.
The influence of hydroxylamine on G. theta phototaxis was tested under
conditions earlier shown to inhibit rhodopsin-mediated phototaxis in
chlorophyte flagellates (26). Hydroxylamine or control buffer were added
to two identical samples of culture. Pairs of test and control samples were
incubated either in the darkness or under continuous illumination with white
light (10 W m-2). Fresh aliquots of cells were dispensed from the culture
samples for each measurement of photoaccumulation and discarded after use.

RESULTS AND DISCUSSION
G. theta photobehavior

To the best of our knowledge, no photomotility responses
have been so far reported in G. theta. We measured the net
behavioral response of a G. theta population to unilateral
illumination. Switching on the light induced accumulation of
the cells at the illuminated side of the cuvette (positive
phototaxis) with a delay of ~5 s (Fig. 1 A, solid traces). The
time course of accumulation was very close to that measured
in dark-adapted C. reinhardtii (Fig. 1 A, dashed trace), but
the sensitivity of G. theta was ~50 times less. Prolonged
illumination of a G. theta cell sample caused a partial de-
crease in cell concentration at the illuminated side of the
cuvette (not shown) that reflected a drop in the sensitivity of
positive phototaxis, or a switch from positive to negative
phototaxis due to adaptation.

Switching off the high-intensity light after prolonged
illumination resulted in a transient peak of accumulation
followed by a slow relaxation of the signal, similar to that
in C. reinhardtii (Fig. 1 A, upper curves). It was shown
earlier that in an overall positively reacting population of
green algae a fraction of cells demonstrates negative
phototaxis. Tracking of individual cells for extended periods
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of time revealed that the direction of oriented swimming
alternates periodically between toward and away from the
light source (27). In Chlamydomonas both positively and
negatively reacting cells move predominantly with their
photoreceptors orienting outside the helical trajectory (28).
This means that the photoreceptor is shaded by the cell body
in positively phototactic cells and illuminated in negatively
phototactic ones. Taking this into account, a transient
acceleration of cell accumulation upon switching off the
light can be explained by the preferential temporal reorienta-
tion of the cells moving away from the light source. Thus, the
kinetics of cell accumulation indicates the existence of
negative phototaxis and the step-down photophobic response
in G. theta in addition to net positive phototaxis. Both positive
and negative phototaxis were observed earlier in the marine
species Cryptomonas maculata (29), whereas the freshwater
Cryptomonas sp. CR-1 demonstrated exclusively positive
phototaxis (15). Step-up, but not step-down, photophobic
responses were found in the latter species only at very high
light intensities (30).

The area under the accumulation curve over a defined
time was used for quantitative analysis of phototaxis. The
response magnitude depended logarithmically on the light
intensity. The spectral sensitivity of net positive phototaxis
was determined as the reciprocal of light intensities which
resulted in an equal response (e.g., by the shift of a light-
intensity curve for each wavelength as compared to the
response at the reference wavelength of 500 nm). The spec-
tral dependence of photoaccumulation has the main maxi-
mum at 450 nm with a clear shoulder above 500 nm (Fig. 1
B, columns). The shape of the spectral dependence with an
unusually large half-bandwidth indicates the involvement of
more than one pigment in photoreception. This conclusion is
further corroborated by a change in relative spectral effi-
ciency of 450 nm and 500 nm light observed upon prolonged
illumination (Fig. 1 C).

A possible explanation for the similarly broad action spec-
tra of photoelectric and motility responses measured earlier
in the green alga Haematococcus pluvialis is the organiza-
tion of the phototaxis receptors similar to photosynthetic
units, which entail energy transfer from an antenna to a re-
action center (31). The complex pronounced fine structure of
these spectra (not characteristic for rhodopsins) suggested
that energy could migrate from carotenoids or flavins. How-
ever, the very high light saturation of the electrical responses
excluded the existence of a large and efficient light-harvesting
antenna in this organism (32). Later it was demonstrated that
two rhodopsins of the related chlorophyte C. reinhardtii
function independently in different spectral bands (12). This
favors the involvement of two independent rhodopsin re-
ceptors also in phototaxis of G. theta, although energy migra-
tion within each receptor system cannot be excluded.

Hydroxylamine causes a light-dependent cleavage of
retinylidene chromophores from rhodopsins and inhibits
phototaxis in the chlorophytes C. reinhardtii (33) and
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(A) The time course of photoaccumulation of G. theta cells (solid lines) and control C. reinhardtii cells (dashed line) at the illuminated side of the

cuvette in response to 500 nm actinic light. The arrows indicate switching on and off the actinic light. The relative light intensities were, from top to bottom,
100%, 26.5%, and 7.5% for G. theta, and 2% for C. reinhardtii. (B) Spectral sensitivity of G. theta phototaxis. Bars represent the reciprocal of equal response
quantum requirement for photoaccumulation during 50 s, calculated on the basis of fluence-response curves; the solid line represents the absorption spectrum
of purified GtR1. (C) Decrease in the relative sensitivity to long-wavelength light during actinic light stimulation. The ratio of the amplitudes of photo-
accumulation by 500 nm and 450 nm is plotted as a function of the duration of actinic illumination. (D) Light-dependent inhibition of phototaxis in G. theta
by hydroxylamine (1 mM final concentration). The photoaccumulation during 100 s after the onset of the actinic light is plotted as a function of incubation time
of the sample in darkness (solid symbols) or under 10 W m~2 white light (open symbols). Squares, 450 nm actinic light; circles, 500 nm actinic light.

H. pluvialis (26). In C. reinhardtii thodopsin receptors for
phototaxis have been identified at the molecular level (12),
whereas in H. pluvialis the presence of similar receptors was
deduced from analysis of photoinduced electric currents (6).
[lumination of G. theta culture in the presence of 1 mM
hydroxylamine induced progressive inhibition of phototaxis
to both short- and long-wavelength light, as compared to the
dark conditions (Fig. 1 D). Therefore, it is likely that photo-
reception at both 450 and 510 nm is mediated by rhodopsin
pigments.

As we show below, the maximal absorption of the first
known G. theta rhodopsin functionally expressed in E. coli
cells (Fig. 1 B, solid line, and see Fig. 5 A) corresponds to the
long-wavelength shoulder of the spectral sensitivity of pho-

totaxis. This result points to the possible role of this protein
as one of the phototaxis receptors.

Photoinduced electrical signals in a
freshwater cryptophyte

Measurement of photoinduced electrical currents in suspen-
sions of marine flagellates, such as G. theta, is not technically
possible due to the high ionic strength of seawater. Instead, we
used a related cryptophyte, the freshwater Cryptomonas sp.
S2. Phototactic orientation in this species has been reported
earlier (34). Only small photocurrents were recorded under
unilateral excitation from nonoriented suspensions of this
alga, which was expected, taking into account its lack of an
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eyespot and, consequently, inefficient shading. Similar to
green flagellates, cryptophytes demonstrate pronounced grav-
itaxis (35). Therefore, electrical measurements were carried
out in the gravipreoriented mode, which provides a higher
sensitivity of measurements, as compared to measurements
in nonoriented cell suspensions, and allows determination of
the localization of light-induced currents (22).

A light flash induces a photoelectric signal, which com-
prises two kinetically resolved currents in the time domain
characteristic for photoreceptor currents in green flagellates
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FIGURE 2 Photoinduced electrical signals in Cryptomonas sp. S2:
a freshwater relative of G. theta. (A) Kinetics of light-induced currents
(solid line) and a two-exponential fit of the current decay (dash-dotted line).
The sign of the photoelectric signal measured under the same conditions in
the flagellate green alga C. reinhardtii (dashed line) was inverted for easier
comparison with the signal in Cryptomonas. PRC, photoreceptor current;
RR, regenerative response. (B) A series of photoelectric signals in Cryptomonas
measured at different flash intensities. (/nsef) Fluence dependence of the
photoreceptor current and its fitting with a two-exponential function (solid
line). Fo/F; and A,/A; are the ratios of computer-generated estimates for
saturation levels and maximal amplitudes, respectively, of the first and
second components.
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(Fig. 2 A). Two components can be distinguished in both the
rise and decay of the signal in Cryptomonas, as in green
flagellates (36). At least one of the currents in Cryptomonas
has a light-dependent delay (Fig. 2 B), as is characteristic of
the delayed photoreceptor current in Chlamydomonas and
related green algae (37). The fluence-response dependence
of the peak amplitude of the photocurrent in Cryptomonas
reveals low- and high-saturating components (Fig. 2 B, inset),
which is again typical of photoreceptor currents in green
flagellates (37) and reflects contributions of the two receptor
rhodopsins (12). Thus, the features of the two currents in
Cryptomonas strongly indicate that they are photoreceptor
currents of phototaxis. This indication is further corroborated
by their spectral sensitivity and dependence on the extra-
cellular concentration of Ca>" ions (not shown).

The two photoreceptor currents in Cryptomonas are
slower and the difference between their kinetic parameters
is larger compared to those of Chlamydomonas and other
green flagellates. On the other hand, the ratio between the
saturation levels of the low- and high-saturation currents is
smaller than that observed in green flagellates (Fig. 2 B,
inset). No regenerative electrical response could be detected
in Cryptomonas (Fig. 2 A, solid trace), which was expected
taking into account a very high threshold for the step-up
photophobic response known in this genus (30).

The sign of photoelectrical signals recorded from cell
suspensions in preoriented mode reflects localization of the
current generators within the cell. The sign of photoreceptor
currents in Cryptomonas is opposite to that in C. reinhardltii,
which means that the photoreceptive structure is localized in
Cryptomonas closer to the anterior flagella-bearing end of
the cell. A similar situation has been described earlier in the
green flagellate H. pluvialis (22).

Summarizing the results of behavioral and electrical
measurements, we conclude that photobehavior in crypto-
phytes likely involves the same basic scheme of photorecep-
tion and transduction as recently found in Chlamydomonas
(12) and suggested for other green flagellates (6). Namely,
two rhodopsins that absorb in different spectral bands and
optimally function at different intensity ranges generate two
photoreceptor currents that control flagella movement during
phototaxis. Below we describe molecular candidates for
these receptor pigments.

Primary sequences of cryptophyte opsins

The first G. theta cDNA sequence encoding protein
homologous to type 1 opsins has been identified earlier in
EST272 (GenBank accession number AW342219). More
careful analysis of the original plasmid revealed an extra
basepair in the coding region, which has been confirmed by
RACE PCR using total RNA isolated from G. theta. A
corrected sequence has been submitted to GenBank
(accession number DQ133529). We designated the encoded
protein, when complexed with retinal, as GfR1 (G. theta
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rhodopsin 1). The protein encoded by G. theta cDNA from
EST clone sg05_004_f10 (accession number DQ133530),
when complexed with retinal, was named GtR2 (G. theta
rhodopsin 2). The homologous protein encoded by the
cDNA sequence identified by degenerate RACE PCR in
the freshwater Cryptomonas sp. S2 (accession number
DQ133531), when complexed with retinal, was designated
as CR (Cryptomonas rhodopsin).

None of the three encoded proteins extends more than 20
residues after the predicted end of helix G of their seven-
transmembrane (7TM) domains, in contrast to Chlamydo-
monas sensory rhodopsins, which have bulky C-terminal
domains consisting of ~400 amino acid residues. Photo-
behavioral and photoelectric responses in cryptophyte flag-
ellates are very similar to those in Chlamydomonas (Figs. 1
and 2). If the rhodopsins reported here in cryptophytes
mediate these responses, it would follow that the presence of
a large C-terminal domain attached to the 7TM rhodopsin
domain as in CSRA and CSRB is not critical for response
generation. It is possible that these domains do indeed play
a critical role in signaling but that they exist in cryptophytes
on other proteins separate from the 7TM domains. On the
other hand, the phototactic sensitivity of G. theta is ~50-fold
less than that of C. reinhardtii, which would be consistent
with the C-terminal domains of Chlamydomonas rhodopsins
functioning in signal amplification. Alternatively, these do-
mains may play a regulatory role. Such auxiliary roles of the
C-terminal domains are supported by the observation that the
full-length sequences and 7TM domains of Chlamydomonas
rhodopsins both exhibit identical ion channel activities when
heterologously expressed in Xenopus oocytes (38,39). It has
not yet been proven, however, that the channel activity ob-
served in oocytes triggers the photosensory cascade in host
Chlamydomonas cells. Therefore, the involvement of the
C-domains in signal generation cannot be excluded.

The presence of polyA tails in all three cDNA sequences
and the presence of introns in genomic copies of sequences
encoding for GtR1 and GtR2, as revealed by genomic PCR,
confirm their eukaryotic origin. Although we have so far
identified only one opsin cDNA sequence in freshwater
Cryptomonas, the characteristics of photoreceptor currents in
this microorganism strongly suggest the existence of a second
opsin species. However, low homology between even the
most conserved regions in the primary sequences of type 1
opsins hinder their identification by degenerate PCR, and no
EST or other genomic data are at present available for
freshwater Cryptomonas.

ClustalW alignment of cryptophyte and other microbial
opsins in the region corresponding to helix C is shown in Fig.
3. Amino acid residues that form the retinal-binding pocket
in bacteriorhodopsin (BR) and Natronomonas pharaonis
sensory rhodopsin II, as revealed by x-ray crystallography
(40,41), are highly conserved in all three cryptophyte opsins,
including the Schiff base proton acceptor (Asp85 in BR). A
noncarboxylated residue in the place of the Schiff base
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FIGURE 3 Alignment of helix C regions of primary sequences of opsins
from cryptophyte algae (protein names in boldface) and other type 1 opsins.
Amino acid residues forming the retinal-binding pocket are marked with an
asterisk. Carboxylated amino acid residues corresponding to the proton
acceptor (Asp®) and proton donor (Asp®®) in HsBR are shaded black.
HsBR, Halobacterium salinarum bacteriorhodopsin; GPR, green-absorbing
proteorhodopsin; BPR, blue-absorbing proteorhodopsin; NpSRII, Natrono-
monas pharaonis sensory thodopsin II.

proton donor (Asp96 in BR) is a hallmark of sensory rho-
dopsins from Archaea and Chlamydomonas, as well as of
Anabaena sensory thodopsin (ASR), a sensory function of
which has been deduced from its properties (10,42,43). GrR2
and CR also have noncarboxylated residues at this position,
which argues for their action as light sensors rather than
proton pumps. CR is unusual in that it contains a His residue
(instead of an Arg) corresponding to Arg®? of BR, a nearly
universally conserved residue in type 1 rhodopsins (9,44). In
contrast to GfR2 and CR, GtR1 contains Glu in the place of
the proton donor, as do proteorhodopsins. We expressed the
respective cDNA sequence in E. coli and characterized the
photochemical and photoelectrical properties of the encoded
protein.

Characterization of GtR1 expressed in E. coli

The predicted topology of GfRI1 reveals seven-transmem-
brane helices typical of other retinylidene proteins (Fig. 4 A).
We expressed in E. coli two versions of the plasmid,
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FIGURE 4 (A) Transmembrane topology of GrR1 as predicted by
TMHMM server version 2.0 (50). Arrows indicate the beginning of the
long (/) and truncated (2) versions of the expressed protein. (B) Western blot
analysis of long (/) and truncated Hisg¢-tagged (2) G. theta opsins expressed
in E. coli. Numbers at the right indicate molecular weight markers.
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differing in the length of the incorporated G. theta cDNA
fragment: 1), pGui267, encoding for a polypeptide of 261
amino acid residues (all of the coding region present in the
cDNA clone) plus a Hisg tag; 2), pGui239, encoding for
a truncated polypeptide, in which 28 amino acid residues
predicted to be located outside the membrane were removed
from the N-terminus, plus a Hisg tag. The EST sequence
contained no start codon, so in both cases it was added
artificially. Identification of a complete sequence of the
N-terminus of GfR1 is pending. The length of the N-terminus
of the truncated sequence corresponds to that of ASR, which
is characterized by a high level of functional expression in
E. coli (10). The site of truncation is schematically shown
in Fig. 4 A. Western blot analysis of the partially purified
proteins indicated approximately the same level of expres-
sion of both long and truncated versions in E. coli (Fig. 4 B).

8] long GISR1

509 nm

0.6 4

Absorbance

0.4 9

0.2

0.0 T T T T T T T T
400 450 500 550 600

Wavelength / nm

T 570 nm C

390 nm

AQD

0.1 1 10 100
Time / ms

Sineshchekov et al.

Both versions of GfR1 expressed in E. coli in the presence
of all-frans retinal form photoactive pigments. The maxi-
mum of the absorption spectrum of the purified long pigment
is at 509 nm (Fig. 5 A), which corresponds to the position of
the long-wavelength band of the spectral sensitivity of G.
theta phototaxis (Fig. 1 B). The absorption spectrum of the
truncated version of GfR1 is slightly shifted to shorter
wavelengths (Fig. 5 A).

The main difference between the long and truncated
versions of GtR1 is in the rates of their photochemical cycles
(Fig. 5 C). The photocycle turnover time of the long version
of GR1 in E. coli cells is ~85 ms. This is slower than the
rates of photocycles in typical ion pumps. For example,
under identical conditions, a typical surface-water green-
absorbing proteorhodopsin (45) has a turnover time more
than an order of magnitude faster than that of GfR1 (46). On
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FIGURE 5 (A) Absorption specta of purified long (solid line) and truncated (dashed line) GtR1. (B) Laser flash-induced absorbance changes at 580 nm in
long and truncated versions of GfR1 expressed in E. coli cells (solid lines) and fits of their decay with exponential functions (dashed lines). (C) Kinetics of laser
flash-induced absorbance changes in purified long GfR1 at characteristic wavelengths, indicated in the figure, and their multiexponential fitting (dashed lines).
(D) Spectra of laser flash-induced absorbance changes in long GfR1. Solid circles and open circles represent 1 — 0 ms and 1 — 50 us in purified protein,

respectively; open diamonds represent 10 — 0 ms in GfR1 in E. coli cells.
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the other hand, the rate of the photocycle in GtR1 is com-
parable to that of the sensory receptor ASR (10,43), and is
fast enough for repetitive detection of light in cells rotating at
~2 Hz during swimming. The photocycle of the truncated
version of GrR1 is almost fourfold slower than that of the
long version (Fig. 5 B). We are not aware of other examples
of dependence of photochemical characteristics of a rhodop-
sin on the length of the N-terminus, although a structural
influence of the N-terminal segment on the 7TM domain has
been reported in animal visual rhodopsin (47). A possible
explanation of this effect is that the long N-terminus
facilitates proper folding of GfR1. Alternatively, interaction
of the N-terminus with the outer half-channel of GfrR1 may
modify the cycle. Examples of the influence of such ‘‘long-
distance’’ effects on photochemical properties of the pigments
are represented by interactions between ASR and its soluble
transducer protein (10,43), or between archaeal sensory rho-
dopsins and their membrane-bound transducers (48).

The photochemical cycle was investigated in more detail
in the purified long version of GfR1, which presumably rep-
resents a closer-to-native state of the pigment. Laser flash-
induced absorbance changes at characteristic wavelengths
are shown in Fig. 5 C. The first detected red-shifted K
intermediate decays with 7 ~ 0.2 ms in parallel with the
appearance of a blue-shifted M intermediate. The maxima of
the differential absorption spectra corresponding to K and M
intermediates are at 550 nm and 390 nm, respectively (Fig. 5
D, open circles). The M intermediate decays slowly, with
two kinetic components, 7; ~ 25 ms and 7, ~ 77 ms. The
rates of these components of the M decay correspond to the
rates of the appearance and decay, respectively, of a long-
wavelength O intermediate with a maximum at ~570 nm in
the differential spectra. This correspondence indicates that M
and O intermediates are in equilibrium. The flash-induced
differential absorption spectrum of GfR1 measured in intact
E. coli cells is very similar to that of the purified protein (Fig.
5 B, open diamonds).

The pumping activity of rhodopsins functionally ex-
pressed in E. coli is manifested by the outward direction of
the overall charge movement upon photostimulation (25).
Blue-absorbing proteorhodopsin (BPR), which has the same
residues at proton donor and acceptor positions and a
turnover time of the cycle very similar to that of GfR1, acts as
a typical proton pump (Fig. 6, upper trace). In contrast, no
significant outward charge transfer has been detected in E.
coli cells expressing GtR1 (Fig. 6, lower trace). In fact, GrR1
shows a small transient positive charge movement in the
inward direction. The absence of a pronounced outward posi-
tive charge transfer is characteristic of known sensory rho-
dopsins (e.g., archaeal sensory rhodopsins and ASR (25)).
Lack of proton-pumping activity has also been found in
heterologously expressed Neurospora rhodopsin (49), which
has carboxylated residues at both the Schiff base proton
donor and acceptor positions, as does GfR1. The lack of
G1R1 proton pumping was further confirmed by the absence
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FIGURE 6 Light-induced charge movement in GfR1 and BPR measured
in suspension of E. coli cells. Positive signal corresponds to transfer of a
positive charge to outside the cell.

of light-induced acidification of the external medium in E.
coli cells expressing this protein (data not shown).

CONCLUSIONS AND PERSPECTIVES

The cryptophyte G. theta exhibits photomotility responses
similar to those seen in well-characterized green flagellate
algae. Spectral characteristics of these responses, their sen-
sitivity to hydroxylamine bleaching, and photoelectric currents
measured in a related freshwater cryptophyte indicate that
photobehavior in cryptophyte flagellates likely involves two
spectrally different rhodopsin receptors, as occurs in the
model green alga C. reinhardtii. Two cDNA sequences
encoding proteins homologous to type 1 opsins were iden-
tified in G. theta, and one sequence was identified in the
freshwater relative of G. theta, Cryptomonas sp. S2. Non-
carboxylated residues at the acceptor position in GfR2 and
CR indicate sensory rather than proton pumping functions of
these proteins. The photocycling and electrical properties of
the E. coli-expressed GtR1 are in favor of this rhodopsin also
functioning as a light sensor. To test whether these candi-
dates are the photoreceptor pigments of phototaxis by the
RNA: approach used successfully in Chlamydomonas (12),
development of transformation techniques for cryptophytes
is highly desirable.

To our knowledge, GrR1 is the first algal rhodopsin
purified in amounts sufficient for direct flash-photolysis
examination of the photochemical cycle and charge motion
measurements. The apoproteins of CSRA and CSRB from
Chlamydomonas have not formed functional pigments with
retinal when expressed in E. coli or yeast (12), or other
systems suitable for high-scale production of rhodopsins
(K. Ridge, University of Texas, Houston, personal commu-
nication, 2003). Neither rhodopsin phototaxis receptor has
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been isolated directly from its native eukaryotic hosts
because of extremely low concentrations of these proteins.
Therefore, a possibility, reported here, of obtaining large
amounts of an algal, namely, G. theta rthodopsin, by over-
expression in E. coli is especially attractive for future spec-
troscopic, electrical, and crystallization studies.
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