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Abstract

Channelrhodopsins act as photoreceptors for control of motility behavior in flagellates and are
widely used as genetically targeted tools to optically manipulate the membrane potential of
specific cell populations (“optogenetics™). The first two channelrhodopsins were obtained from the
model organism Chlamydomonas reinhardtii (CrChR1 and CrChR2). By homology cloning we
identified three new channelrhodopsin sequences from the same genus, CaChR1, CyChR1 and
CraChR2, from C. augustae, C. yellowstonensis and C. raudensis, respectively. CaChR1 and
CyChR1 were functionally expressed in HEK293 cells, where they acted as light-gated ion
channels similar to CrChR1. However, both, which are similar to each other, differed from
CrChR1 in current kinetics, inactivation, light intensity dependence, spectral sensitivity, and
dependence on the external pH. These results show that extensive channelrhodopsin diversity
exists even within the same genus, Chlamydomonas. The maximal spectral sensitivity of CaChR1
was at 520 nm at pH 7.4, about 40 nm red-shifted as compared to that of CrChR1 under the same
conditions. CaChR1 was successfully expressed in Pichia pastoris and exhibited an absorption
spectrum identical to the action spectrum of CaChR1-generated photocurrents. The red-shifted
spectra and the lack of fast inactivation in CaChR1- and CyChR1-generated currents are features
desirable for optogenetics applications.

INTRODUCTION

Light regulates the swimming behavior of most photosynthetic microorganisms, helping
them find optimal living conditions. Shortly after the discovery of retinal-containing
proteins (rhodopsins) mediating photomotility behavior in archaea (1-2), retinal was found
to be also essential for light control of motility of the phylogenetically distant green
flagellate alga Chlamydomonas reinhardtii (3). The algal rhodopsins remained unidentified
until a C. reinhardtii expressed sequence tag (EST) project (4) revealed the presence of
proteins homologous to the archaeal receptors. Knock-down experiments (5-7)
demonstrated that photoexcitation of two rhodopsins in C. reinhardtii identified with EST
information led to generation of the transmembrane currents known to drive photomotility
behavior in native cells (8). When introduced into animal cells, these proteins act as light-
activated ion channels, whereupon they were named “channelrhodopsins” (9-10).

The two channelrhodopsin homologs from C. reinhardtii were designated as ChR1 and
ChR2 (9-10), and independently as CSRA and CSRB (for Chlamydomonas sensory
rhodopsins A and B (5-6), and Acop-1 and Acop-2 (for archaeal type Chlamydomonas
opsin 1 and 2 (11). Similar proteins were subsequently identified in related algae: VChR1
and VChR?2 in Volvox carteri (12-13) and MChR1 in Mesostigma viride (14). In this work
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we found channelrhodopsins with different properties even in the same genus
Chlamydomonas. To distinguish them, we precede the channelrhodopsin abbreviations with
the initial letters of the genus and species of their native host, following the practice in
earlier microbial rhodopsin studies. Today, channelrhodopsins are used in many fields of
biomedical research, especially neuroscience, to manipulate the membrane potential by
light, a technique referred to as “optogenetics” (15-16). This approach offers an
unprecedented specificity and both temporal and spatial precision of stimulation in cultured
cells and living animals. So far channelrhodopsins have been used to study normal brain and
cardiac function, stem cell differentiation, and a wide range of mental and neurological
disorders, such as Parkinson’s disease, autism, schizophrenia, drug abuse, and depression
(17). Moreover, channelrhodopsins are under study for future gene therapy for vision
restoration, with promising results already obtained in rodent models (18-19). Therefore,
further research into channelrhodopsins is valuable for purposes that reach beyond
understanding mechanisms of algal phototaxis.

CrChR1 and CrChR2 each possess characteristics desirable for optogenetics applications,
but neither of them is ideal. The kinetics of the currents generated by CrChR1 is faster than
those of the currents generated by CrChR2 (20-21), which allows for photostimulation at
higher stimulus frequencies. On the other hand, CrChR1-generated currents show rapid
inactivation, i.e., a decrease in the current amplitude upon sustained illumination, which is
much slower for CrChR2-generated currents (20-21). The maximal spectral sensitivity of
CrChR1-generated currents in native C. reinhardtii cells is at 505 nm, compared to 470 nm
for CrChR2-generated currents (5). This is an advantage for optogenetics, as using long-
wavelength excitation light minimizes its scattering by biological tissues and absorption by
hemoglobin. However, in heterologous systems the long-wavelength spectral sensitivity of
CrChR1 can only be observed at non-physiological acidic pH (7, 20).

The model organism C. reinhardtii is only one of at least several hundred different species
in the genus Chlamydomonas (http://www.algaebase.org). Their habitats include soil,
temporary pools, eutrophic lakes, and melting snow. Rhodopsin-mediated photocurrents
similar to those in C. reinhardtii have been recorded in many other Chlamydomonas species
besides C. reinhardtii ((22) and our unpublished observations). Their photocurrents strongly
suggested that they too harbor channelrhodopsin homologs, but it was unclear whether
characteristics of CrChR1 and CrChR2 were universal for the whole genus. We
hypothesized that channelrhodopsin variants from Chlamydomonas species inhabiting
ecological niches other than those of C. reinhardtii may differ from their C. reinhardtii
counterparts, and may offer alternative, possibly advantageous, properties for optogenetic
applications. C. augustae and C. yellowstonensis are “snow algae”, i.e., species that
contribute to microbial communities of regions permanently or seasonally covered with
snow and are often responsible for the appearance of colored snow (for review see (23)). An
extreme psychrophilic strain of C. raudensis was isolated from a permanently ice-covered
lake in Antarctica (for review see (24)).

Using homology cloning, we identified three new channelrhodopsin variants in these
Chlamydomonas species. The sequences from C. augustae and C. yellowstonensis contain
molecular determinants characteristic of CrChR1, as compared to CrChR2. Yet,
photocurrents measured upon their expression in HEK293 (human embryonic kidney) cells
differ from those generated by the “classical” CrChR1 in several important aspects. We
partially purified channelrhodopsin from C. augustae by expression in the methylotrophic
yeast Pichia pastoris and showed that its absorption spectrum closely matched the action
spectrum of its channel activity. Our findings revealed that remarkable channelrhodopsin
diversity exists even within the same genus Chlamydomonas. The slower inactivation of
photocurrents and red-shifted spectral sensitivity at physiological pH make the new
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channelrhodopsins from C. augustae and C. yellowstonensis promising candidates for future
optogenetic applications, although their expression in target cells needs to be optimized.

MATERIALS AND METHODS

Strains and culture conditions

Algal strains were obtained from the Culture Collection of Algae at the University of Texas
(UTEX), Austin, TX and the National Center for Culture of Marine Phytoplankton (CCMP),
West Boothbay Harbor, ME. Chlamydomonas augustae (UTEX SNO134) and
Chlamydomonas yellowstonensis (UTEX B SNO155) were grown in Bold 1INV medium
(25) under illumination of 14 umol photon x m™2 x s71 at 4°C or 16° (C. augustae), or 4°C
(C. yellowstonensis). Chlamydomonas raudensis (CCMP 1619) was grown in modified
Bold’s basal medium (26) containing vitamins and three times the amount of nitrogen and
vitamins as described at the website of the Culture Collection of Algae and Protozoa (UK)
under illumination of 5 pmol photon x m=2 x s™1 at 4°C. Illumination was set to a 16 h light,
8 h dark cycle and was provided by cool-white fluorescent lamps.

Homology cloning of new channelopsin sequences

Algae were inoculated from plates into 25 mL liquid medium in 250 mL flasks and grown
for 18 hr at 16°C (C. yellowstonensis) or 4°C (C. raudensis). Total RNA was extracted with
Trizol reagent (Invitrogen, Carlsbad, CA). First strand cDNA was synthesized with the
Transcriptor first strand cDNA synthesis kit (Roche Diagnostics, Mannheim, Germany)
using oligo-d(T) primer. The degenerate primers were designed according to the conserved
regions of the four earlier known channelopsins from C. reinhardtii and V. carteri, and their
degeneracy was reduced by including only the most frequently used codons. The forward
primer was SYHB-F (5'-TGC GGN TGG GAG GAG RTN TA-3'), and the reverse primers
were SYOG-R (5" AGR ATR TGC TCR TGR ATC -3') for C. augustae and C.
yellowstonensis, and SYLPEF-R (5-RCC CTT SGG NAC SGT RTG-3’) for C. raudensis.
The PCR (polymerase chain reaction) program was as follows: denaturation at 98°C for 2
min, followed by 30 cycles of 98°C for 30 s, 49°C for 45 s, 72°C for 55 s, and final
extension at 72°C for 5 min. PCR fragments were cloned into the pGEM-T Easy vector
(Promega, Madison, WI) and sequenced. For the fragments that showed homology with
channelopsins, 3" and 5" RACE (rapid amplification of cDNA ends) was performed using the
SMARTer RACE cDNA amplification kit (Clontech Laboratories, Mountain View, CA).
Overlapping RACE fragments were joined by fusion PCR to obtain full-length cDNA,
which was cloned into the pGEM-T Easy vector and sequenced. Fragments encoding for the
7TM domains (residues 1-352 for the C. augustae and C. raudensis sequences, and 1-354
for C. yellowstonensis) were inserted between BamHI and Notl sites to replace the VcChR1
sequence in the pcDNA3.1/VcChR1-EYFP mammalian expression vector provided by K.
Deisseroth (Stanford University). The vector map and sequence are available at the
Optogenetics Resource Center website. The presence of a fluorescent tag is not expected to
affect channelrhodopsin properties, as has been shown by quantitative comparison of
photocurrents generated by YFP-, mCherry- and myc-tagged CrChR2 (27).

Whole-cell patch clamp recording in HEK293 cells

HEK?293 cells were transfected using the TransPass COS/293 transfection reagent (New
England Biolabs, Ipswich, MA). All-trans-retinal (Sigma) was added as a stock solution in
ethanol at the final concentration of 2.5 uM, unless otherwise indicated. Measurements were
performed 48-72 h after transfection with an Axopatch 200B amplifier (Molecular Devices,
Union City, CA). The signals were digitized with a Digidata 1440A using pClamp 10
software (both from Molecular Devices). Patch pipettes with resistances 2-5 MQ were
fabricated from borosilicate glass and filled with the following solution (in mM): KCI 126,

Photochem Photobiol. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hou et al.

Page 4

MgSO, 2, CaCl, 0.5, EGTA 5, HEPES 25, pH 7.2. The bath solution contained (in mM):
NaCl 150, CaCl, 1.8, KCI 4, MgCl, 1, glucose 5, HEPES 10, pH 7.4, unless otherwise
indicated. For experiments at pH 9, Tris was used in the bath solution instead of HEPES.
Unless otherwise indicated, the holding potential was —60 mV. Light excitation was
provided by a Polychrome IV light source (T.I.L.L. Photonics GMBH, Grafelfing,
Germany) pulsed with a mechanical shutter (Uniblitz Model LS6, Vincent Associates,
Rochester, NY; half-opening time 0.5 ms). The light intensity was attenuated with the built-
in Polychrome system or with neutral density filters. Maximal quantum density at the focal
plane of the 40x objective lens was ~2 x 1022 photons x m~2,

Channelopsin expression and purification from Pichia.

The 7TM domain of CaChR1 (1-352 residues) was cloned into the pPIC9K vector
(Invitrogen, Carlsbad, CA) between EcoRI and Notl sites in frame with two TEV protease
sites at the N-terminus and before a C-terminal 6His-tag. The sequence encoding EYFP was
not included in this construct. The resultant plasmid was linearized with BspEl and
transformed into the P. pastoris SMD1168 (his4, pep4) strain by electroporation according
to the manufacturer's instructions. First, transformants were screened for plasmid integration
by their ability to grow on hystidine-deficient plates, and second, for multiple inserts by
their geneticin resistance. A single colony that grew on 4 mg/mL geneticin was selected. A
starter culture was inoculated in 500 mL BMMY (buffered minimal methanol yeast)
medium. Expression was induced by the addition of 0.5% methanol every 24 h in the
presence of 30 uM all-trans-retinal. Cells were grown for two days, harvested by low-speed
centrifugation and disrupted by a bead beater. Membrane fragments were collected by
centrifugation for 1 h at 48,000 rpm and solubilized by incubation with 2 % dodecyl
maltoside for 1 h. The protein was partially purified on a Ni-NTA agarose column (Qiagen,
Hilden, Germany). The protein yield was 6.4 mg/L of culture, as estimated from absorbance
at 520 nm.

Absorption spectroscopy

RESULTS

Absorption spectrum of partially purified CaChR1 in the UV visible range was recorded on
a Cary 4000 spectrophotometer (Varian, Palo Alto, CA).

Channelopsin sequences from C. augustae, C. yellowstonensis and C. raudensis

We cloned a channelopsin homolog from each of C. augustae (715 amino acid residues;
nucleotide Acc. No. IN596951), C. yellowstonensis (717 residues, Acc. No. JN596948) and
C. raudensis (635 residues, Acc. No. IN596949). As in all so far known channelopsins, the
new proteins consist of a predicted 7TM (rhodopsin) domain responsible for light-gated
channel activity and a C-terminal domain, the function of which is yet unknown. CrChR1/
VcChR1 and CrChR2/VcChR2 form two distinct branches on the phylogenetic tree of their
7TM domains (Fig. 1a). The 7TM domains of the new Chlamydomonas sequences do not
show closer homology with either the CrChR1/VcChR1 branch or CrChR2/VcChR2 branch,
when their overall sequence homology is concerned (Fig. 1a). The 7TM domains from C.
augustae and C. yellowstonensis are however very close to each other.

Two molecular determinants are conserved in CrChR1/VcChR1 and CrChR2/VcChR2
sequences, respectively, and shown to determine their different properties: 1) Glu87
(CrChR1 numbering) in the predicted first helix is responsible for pH-dependent color
tuning and fast channel inactivation of CrChR1, as compared to CrChR2 (20); 2) Tyr226
(CrChR1)/Asn187 (CrChR2) in the predicted fifth helix confers differences in spectral
sensitivity, inactivation and kinetics between CrChR1 and CrChR2 (21). According to these
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criteria, the sequences identified in C. augustae and C. yellowstonensis (CaChR1 and
CyChR1, respectively) belong to the CrChR1/VcChR1 class (Fig. 2). This placement is
confirmed by their red-shifted spectra (see below), characteristic of the CrChR1/VcChR1
class, as compared to the CrChR2/VcChR2 class (13, 20). In contrast, the sequence from C.
raudensis (CraChR2) belongs to the CrChR2/VcChR2 class according to the two above-
mentioned molecular determinants. However, since this sequence failed to generate
photocurrents in HEK cells (see below), the lack of functional data makes this placement
only tentative.

In the 7TM domain, residues at the critical sites characteristic of other known
channelrhodopsin apoproteins (channelopsins) are conserved in all three new homologs.
These include: 1) Glu in the position of the Schiff base proton acceptor (Asp85 according to
bacteriorhodopsin (BR) numbering); 2) His in the position of the Schiff base proton donor
(Asp96 in BR); 3) five Glu residues in or near the predicted second helix; 4) Cys128 and
Aspl56 (CrChR2 numbering) that form a predicted hydrogen bond between the third and
fourth helices (28-30). Out of other residues known to form the retinal-binding pocket in
BR, Tyr57, Gly122, Trp182, Asp212 and Lys216 (BR numbering) are conserved in new
channelopsins, as they are in previously known ones. Positions of Tyr185 and Trp189 (BR
numbering) are occupied by Phe residues, as in previously known channelopsins.

Phylogeny of the C-terminal domain does not match that of the 7TM domain, although
CaChR1 and CyChR1 again show close similarity (Fig. 1b). No helices are predicted in the
C-terminal domains of either of the new channelopsin sequences, in contrast to CrChR1 (5).
As in previously known channelrhodopsins, the C-terminal domains of the new
channelopsins contain several highly conserved regions with no homology to any other so
far known protein interspersed with repeats that vary in length and amino acid composition
among different channelopsin variants. Long stretches of Gly-Met repeats and Met-rich
regions are found in CaChR1 and CyChR1, and GlIn repeats are found in all three new
channelopsins. Such repeats, known as homopolymeric tracts (31), occur in many eukaryotic
proteins and have been associated with protein-protein (32) or protein-membrane (33)
interactions. A highly conserved region of about 40 residues at the very end of the C-
terminal domains present in all so far known channelrhodopsins but MvChR1 shows
homology to domains in fibrinogen and ABC transporters that are responsible for protein
multimerization and protein-protein interaction. In algal cells channelrhodopsins are
confined to the membrane area above the eyespot (7, 11) and are associated with acetylated
microtubules of the daughter four-membered flagellar rootlet (34). It is plausible that the
function of the C-terminal domains is to control appropriate subcellular positioning of
channelrhodopsins.

The extracellular N-terminal regions of CaChR1 and CyChR1 contain a predicted conserved
N-glycosylation site. Such sites, although at different positions, are also predicted in the N-
termini of CrChR1 and several other channelopsins, but not in CraChR2 (Fig. 2). Another
such site conserved in all so far known channelopsins is located at the cytoplasmic end of
the third predicted transmembrane helix. The existence of predicted N-glycosylation sites in
the cytoplasmic domains of proteins has been mostly ignored, although it was confirmed
biochemically in at least one example, the a-subunit of mammalian Na*,K*-ATPase (35).
Occurrence of glycosylation in heterologously expressed CrChR2 was demonstrated by
treatment with peptidyl N-glycosidase F, but its site(s) were not determined (36). A
requirement for glycosylation for correct folding and targeting of channelrhodopsins may
explain why no functional channelrhodopsin has been produced by expression in E. coli,
despite many attempts. All three new channelopsin sequences lack an additional a-helix
predicted in the N-terminus of CrChR1 as a signal peptide, as do CrChR2 and both VcChR1
and VcChR2. However, such a helix is predicted in the sequence from Haematococcus
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pluvialis (nucleotide Acc. No. IN596950). The putative role of this helix in protein targeting
needs further investigation.

In CrChR1 and CrChR2, three and one phosphorylated residues, respectively, were
identified by phosphoproteomics of the eyespot fractions (37). These residues are found in
the cytoplasmic loop next to the 7TM domain that is highly conserved in all so far known
channelopsin sequences, with the exception of MvChR1. Out of the three phosphorylated
residues of CrChR1, Ser359 is conserved in all five Chlamydomonas channelopsins (Fig. 2),
and the corresponding residue (Ser321) is the only phosphorylated site detected in CrChR2
(37). Thr374 is unique for CrChR1 (with Val found at this site in other sequences), and
Ser377 is conserved in four sequences with Thr conservative substitution in CraChR2 (Fig.
2). Possibly channelrhodopsin phosphorylation plays a role in the adaptation processes
which enable the large range of light intensities over which Chlamydomonas algae exhibit
phototaxis (38).

Proteins from psychrophilic organisms show characteristic biases in amino acid
composition, compared to their meso- and thermophilic homologs, that are believed to
increase flexibility at low temperatures. Among these are decreased percentages of Pro, Arg
and Ala residues, and an increased percentage of Ile residues (39-40). The same trends are
observed in Chlamydomonas channelopsins: the combined percentages of Pro, Arg and Ala
residues in the sequences of CrChR1, CaChR1 and CyChR1 are 20%, 15.7% and 16%,
respectively, whereas the percentages of lle are 4.9%, 5.9% and 5.2%, respectively. Other
trends, such as an increased percentage of Gly, were not detected in channelopsins.

Functional characterization of new channelrhodopsins

The 7TM domains of all three new channelopsins showed robust expression in the plasma
membrane of HEK293 cells, as indicated by fluorescence of their EYFP-tags. CaChR1 and
CyChR1 exhibited light-gated channel activity in this system, but no currents could be
recorded upon expression of CraChR2. The kinetics of the currents generated by CaChR1
and CyChR1 were however quite different from that generated by CrChR1. Figure 3 shows
typical signals recorded at the maximal light intensity under our standard conditions, i.e.,
bath pH 7.4, and holding potential (Vh|g) -60 mV (for more details see Methods). Upon
switching on the light, currents generated by CrChR1 underwent a rapid initial rise with a
time constant (t) ~ 1 ms, reached a peak and rapidly (t ~ 5 ms) decreased under sustained
illumination, i.e., inactivated to a lower level (Fig. 3a, black line). In many cells the currents
showed a subsequent slight increase with t ~ 200 ms. This behavior closely resembled the
results reported for CrChR1 earlier by others (41). In contrast, the rise of CaChR1- and
CyChR1-generated currents was biphasic. The first rapid phase was similar to that of
CrChR1-generated currents, but it was followed by a slower rising phase with T ~ 20 ms
(Fig. 3a, red and green lines). The relative contributions of these two components varied
from cell to cell. After reaching a peak, CaChR1- and CyChR1-generated currents exhibited
very slow inactivation (t ~ 500 ms).

For all three tested channelrhodopsin variants the response to the first flash showed a larger
peak relative to the plateau level (measured at the end of the light pulse), which was not
fully recovered even after 30 min dark interval, suggesting a contribution of a very slow
adaptation process, or irreversible bleaching of an unstable fraction of the pigment.
However, no difference was observed between responses to the second and all subsequent
flashes recorded with 30 s dark intervals. Under these conditions, the peak to plateau ratio at
the maximal light intensity was 1.7 + 0.2 (mean + SEM, n = 8) for CrChR1, close to the
earlier reported results (42). For both CaChR1 and CyChR1 this ratio was significantly
smaller: 1.2 £ 0.1 (mean £ SEM, n = 12 and n = 6, respectively). The absolute plateau
amplitude was 101 + 25 pA (mean £ SEM, n = 8) for CrChR1, 64 + 9 pA (mean £ SEM, n =
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12) for CaChR1, and 49 + 13 pA (mean = SEM, n = 6) for CyChR1. After switching off the
light, the currents decayed biexponentially with T ~ 15 and ~ 120 ms for CaChR1, ~ 13 and
~ 150 ms for CyChR1, which was slower than ~ 4 and ~ 18 ms measured for CrChR1 (Fig.
3b), but close to that for CrChR2 (20).

The most widely used channelrhodopsin variant, CrChR2, generates large enough currents
in HEK cells even without the addition of exogenous retinal ((21) and our own unpublished
observations), indicating that its trace amount present in these cells is sufficient for
reconstitution of functional protein. However, currents in cells transfected with the new
channelrhodopsins or CrChR1 were considerably smaller if no exogenous retinal was added:
their plateau levels were only ~ 8% for CaChR1 and ~ 26% for CrChR1 (data for CyChR1
are not shown), relative to the results obtained with the respective channelrhodopsins in the
presence of 2.5 M exogenous retinal (our standard conditions).

For CrChR1-generated currents, the dependence of the plateau amplitude on the stimulus
intensity saturated earlier than that of the peak (Fig. 4a), as was shown previously (41). In
fact, the curve for the peak amplitude was biphasic and showed two levels of saturation, the
first of which corresponded to that of the plateau level, whereas the second was at more than
10-fold higher light intensity. Therefore, the magnitude of light inactivation, calculated as
the difference between the peak and plateau amplitudes relative to the peak amplitude,
increased with light intensity and did not saturate even at the highest available intensities
(Fig. 4c, black squares). Similar results were reported earlier also for CrChR2 (43) and
VcChR1/VcChR2 hybrid (44). In contrast, the curves for both peak and plateau amplitudes
of CaChR1-generated currents consisted of two phases (Fig. 4b), so that the magnitude of
light inactivation reached the maximum at 10% maximal light intensity and then declined
(Fig. 4c, red circles). Similar behavior was observed for CyChR1-generated currents (data
not shown).

CaChR1- and CyChR1-generated currents showed a typical dependence on the holding
potential (Vho1q), as described earlier for CrChR1 and other channelrhodopsins (Fig. 5a, c,
e). The reversal potentials (V) were similar to that for CrChR1 and close to zero under our
experimental conditions. Since CrChR1 is known to be a highly proton-selective channel
(9), we tested CaChR1 and CyChR1 for proton permeability by measuring current-voltage
relationships (I-V curves) under variable external pH. Acidification of the external medium
caused an increase in the current amplitude at a given voltage and a shift of the reversal
potential to more positive values. The magnitude of this shift for CaChR1 and CyChR1 was
similar to that for CrChRL1 (Fig. 53, c, €). Therefore, it can be concluded that both CaChR1
and CyChR1 are highly selective for protons, as is CrChR1 (7, 9). It has been reported for
CrChR1 that the rate of current decay after switching off the light decreases at acidic bath
pH (20), which we also observed in our experiments (Fig. 5b). In contrast, for both CaChR1
and CyChR1 the decay rate slightly accelerated upon a change of the bath pH from 7.4 to 5.4
(Fig. 5d, ).

The spectral sensitivity of photocurrents was analyzed under low intensity light, as described
earlier for MvChR1-generated currents (14). The spectral maxima for the new
Chlamydomonas channelrhodopsins, CaChR1 and CyChR1, were at 520 nm at pH 7.4 (Fig.
6a and b, black squares), which is 40 nm longer than that of the action spectrum of CrChR1-
generated currents in oocytes, and the absorption spectrum of purified CrChR1 at neutral pH
(7, 20). To rule out a possible influence of a different expression system and/or a different
algorithm of construction of the spectra, we also measured the action spectrum of currents
generated by CrChR1 in HEK cells. It showed a maximum at ~480 nm at pH 7.4 (Fig. 6a,
blue open triangles), which confirmed the earlier published results obtained in oocytes (7,
20). The spectrum had a broad shape with significant absorption above 500 nm, indicating
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that the red-shifted protonated form of the pigment dominating the spectrum at low pH (7,
20) also contributes to the spectrum at pH 7.4. For both CaChR1 and CyChR1, the spectra
measured at neutral (7.4) and acidic (5.4) pH were identical (Fig. 6a and b, black and red
symbols), in contrast to the spectrum of CrChR1, which showed a significant red shift upon
acidification of the medium (7, 20). However, a small ~10 nm blue shift was observed upon
the pH change from 7.4 to 9 for both CaChR1 and CyChR1 (Fig. 6a and b, green solid
triangles).

The maximum of the action spectrum of photocurrents generated by CrChR1 in native C.
reinhardtii cells is 505 nm (5), whereas that of currents generated by CrChR1 in
heterologous systems at neutral pH is blue-shifted by at least 25 nm (Fig. 6a; (7, 20)). Since
most studies on heterologously expressed CrChR1 were carried out with its 7TM domain,
one possible explanation for this difference is that in native cells the spectral properties of
CrChR1 are altered by the C-terminal domain. However, the spectrum of the currents
generated by the full-length CrChR1 in HEK cells was also blue-shifted (data not shown),
which rules out that the C-terminal domain presence is sufficient for the red-shift at neutral
pH.

Expression of CaChRL1 in P. pastoris in the presence of all-trans-retinal yielded photoactive
pigment, in contrast to the previously reported unsuccessful attempts to produce functional
CrChR1 in this system (7). The absorption spectrum of CaChR1 partially purified from
Pichia exactly matched the action spectrum of photocurrents generated by this pigment in
HEK cells, which indicated that its native state was essentially preserved in detergent (Fig.
7). Spectroscopic characterization of purified CaChR1 will be reported separately.

DISCUSSION

In recent years, a growing demand for more efficient and diversified optogenetic tools has
caused proliferation of studies aimed at molecular engineering of the known
channelrhodopsins, mostly CrChR2 (e.g., (45-47)). However, this approach is limited by the
current minimal understanding of the structure-function relationships of channelrhodopsin
molecules. One possibility to advance this knowledge, and to expand the toolbox of
channelrhodopsin probes for optogenetic applications, is to look for natural
channelrhodopsin variants in other algal species, in which the occurrence of such proteins
can be inferred from physiological observations. Analysis of existing genomic and EST
databases is an efficient means to search for new channelopsins. Sequences from C.
reinhardtii, V. carteri and M. viride have all been discovered in this way. MvChR1 from the
latter organism turned out to be the most divergent variant to date to act as a light-gated
cation channel (14).

However, DNA sequencing projects have been initiated only for a handful of phototactic
algal species, therefore homology cloning of new channelopsins is required. Previously
homology cloning has been successfully used by us (48) and others (49) to clone microbial
opsin genes from the cryptophyte Cryptomonas and the glaucophyte Cyanophora,
respectively. These genes, however, are not closely related to known channelopsins from
green algae and do not confer ion channel activity when expressed in HEK cells (our
unpublished observations).

Currently, we applied homology cloning to identify new channelopsin sequences in three
Chlamydomonas species, in which a reasonably high homology with the earlier known
genes from C. reinhardtii was expected. Each species yielded only one channelopsin gene,
whereas the completely sequenced genomes of C. reinhardtii and V. carteri each contain
two. In C. reinhardtii, CrChR1 predominantly activates a fast, high-saturating current
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component, whereas CrChR2 is mainly responsible for a slow (delayed), low-saturating
current component (5). The same two components were detected in native cells of all
presently tested flagellate species that generate rhodopsin-mediated photocurrents, with a
possible exception of M. viride (22). Therefore it is likely that most algae, including C.
augustae, C. yellowstonensis and C. raudensis, also harbor at least two channelrhodopsin
homologs. In C. reinhardtii, CrChR1 is more abundant than CrChR2 at both mRNA (Dr. S.
Merchant, UCLA, personal communication) and protein (6) levels. Our cloning efforts
yielded mostly CrChR1-like sequences ostensibly reflecting their higher abundance also in
other algae. Although no direct tests have been performed to determine the function of the
channelopsin sequences cloned in this work in the native algae, there is little doubt that they
serve as photomotility receptors, as do their homologs in C. reinhardtii. Cells of all three
Chlamydomonas species generate photocurrents similar to those of C. reinhardtii (our
unpublished observations), and phototactic behavior has been reported in two of them (24,
50).

Our experiments with CraChR2 in HEK cells showed a lack of channel activity that is
currently unclear. One possibility is that this sequence, cloned from an extreme
psychrophilic alga, is not correctly folded at 37°C. It has been noted however that C.
raudensis exhibits strong positive phototaxis at the non-permissive growth temperature 29°C
(24). Furthermore, channelrhodopsin from the mesophilic alga H. pluvialis also did not
produce currents in HEK cells in our experiments, despite its being examined near the
organism's optimal growth temperature.

Photocurrents generated by CaChR1 and CyChR1 differ from that of CrChR1 in their
kinetics, inactivation and light dependence, suggesting their photochemical reaction cycles
are at least quantitatively different from that of CrChR1. The dependence of the spectral
sensitivity of CaChR1- and CyChR1-generated currents on the external pH confirmed the
role of the residue in the position of Glu87 (CrChR1 numbering) in color tuning, as both
these proteins also contain a Glu residue in this position (Glu94 and Glu95, respectively). In
contrast, MVChR1, which contains a non-carboxylated residue in this position, does not
show the spectral shift over the entire tested pH range from 5.3 to 9 (14). This residue was
suggested to contribute to the formation of a trimodal counterion of the protonated Schiff
base characteristic of CrChR1-like channelrhodopsins in contrast to CrChR2-like ones (20).
Therefore, protonation/deprotonation of this residue would alter the chromophore polarity
and change the absorption spectrum. Interestingly, in both CaChR1 and CyChR1 the
spectral transition occurs at a pH several units higher than that in CrChR1.

Moreover, CaChR1 and CyChR1 differ from the earlier known CrChR1 in that the spectral
maxima of their protonated forms is at 520 nm, compared to 497 nm of CrChR1 (7). The
red-shifted spectrum of VcChR1, peaking at 530 nm, has been attributed to the residues in
the positions of Ser141 and Ala215 (BR numbering), which differentiates this protein from
all other known channelrhodopsins (12). However, both CaChR1 and CyChR1 contain Gly
and Ser, respectively, in these positions, as do all other known channelopsins except
VcChR1, i.e. their red-shifted spectral sensitivity must be due to other structural reasons.
This result points to the involvement of additional structural factors defining the pH
dependence of the spectral sensitivity.

Comparative sequence analysis reveals that both CaChR1 and CyChR1 differ from CrChR1
and, in fact, from all other reported channelrhodopsins, in the residues found in the positions
of Glul194 and Glu204 (BR numbering). Glu194 is conserved in all reported channelopsins,
except CaChR1 and CyChR1, in which it is replaced by Ser. Conversely, the position of
Glu204 is occupied by Ser in all previously described channelopsins, but it is Asp in
CaChR1 and CyChR1. In BR, Glu194 and Glu204 are part of the extracellular hydrogen-
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bonded network that forms the proton release pathway (reviewed by (51)) and are known to
contribute to the pH dependence of spectral transitions (52). It is plausible that these
residues also play a role in regulation of the pH dependence and/or color tuning in
channelrhodopsins, although further studies are needed to test this hypothesis. Replacement
of Ser with Glu at the site corresponding to Glu204 in BR led to the total abolishment of
channel activity in MvChR1 (our unpublished observations), alluding to the importance of
this site for channelrhodopsin function.

The slower inactivation of photocurrents and red-shifted spectral sensitivity of CaChR1 and
CyChR1 are features desirable for optogenetic use. However, the currents generated by these
proteins in HEK cells were smaller than those generated by CrChR1, which are smaller than
those produced by CrChR2. Nevertheless, if small currents result from inefficient
expression/targeting, these can potentially be improved by the addition of signal peptides
and/or ER export sequences, as has been recently done for halorhodopsin use as an
optogenetic tool (53).
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Figure 1.

Phylogenetic trees of the 7TM domains (a) and the C-terminal domains (b) of the so far
known channelopsins constructed by the neighbor-joining method. CrChR1,
channelrhodopsin 1 from C. reinhardtii; CrChR2, channelrhodopsin 2 from C. reinhardtii;
VcChR1, channelrhodopsin 1 from V. carteri; VcChR2, channelrhodopsin 2 from V. carteri;
MvChR1, channelrhodopsin 1 from M. viride; CaChR1, channelrhodopsin 1 from C.
augustae; CyChR1, channelrhodopsin 1 from C. yellowstonensis; CraChR2,
channelrhodopsin 2 from C. raudensis; HpChR1 channelrhodopsin 1 from Haematococcus
pluvialis.
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Figure 2.

Partial alignment of Chlamydomonas channelopsin and BR sequences. Black background
indicates conserved identical residues. Turquoise background, positions of the residues that
form the retinal-binding pocket in BR. Green background, conserved Glu residues in the
predicted second helix. Magenta background, molecular determinants that differentiate
CrChR1/VcChR1 from CrChR2/VcChR2. Red background, residues in the position of the
proton donor in BR. Blue background, residues in the positions of Glu194 and Glu204 in
BR. Yellow background, predicted glycosylation sites. Olive background, conserved
residues known to be phosphorylated in CrChR1 or CrChR2. Underlined characters show
the regions that form transmembrane helices in BR.
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Figure 4.

(a, b) The dependence of peak (solid squares) and plateau (open circles) amplitudes on the
stimulus intensity for currents generated by CrChR1 (a) or CaChR1 (b). Data points are the
mean normalized values + SEM (n = 3 (a) and 5 (b)). For complete ionic conditions, see
Methods section. (c) The dependence of light inactivation (calculated as the difference
between the peak and plateau amplitudes shown in panels (a) and (b), relative to the peak
amplitude) on the stimulus intensity for currents generated by CrChR1 (solid triangles) and
CaChR1 (open triangles).
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(a, c, e) Typical current-voltage relationships (1-V curves) for the plateau level measured at
the end of a 2-s excitation light pulse upon an increase of Vpg g in 20 mV steps from —60
mV at the bath pH 7.4 (solid squares) and 5.4 (open circles) in HEK293 cells transfected
with CrChR1, CaChR1, or CyChR1. The wavelength was 520 nm for CaChR1 and
CyChR1, and 480 nm for CrChR1, which corresponded to their spectral maxima (see
below). (b, d, ) Normalized current decay traces recorded from cells transfected with
CrChR1, CaChR1, or CyChR1 at holding potential (Vnq1q) —60 mV. Traces at the bath pH
7.4 or 5.4 (indicated in the panels) were recorded from the same cell. Note the opposite
effects of pH changes on the decay kinetics in CrChR1 and the new channelrhodopsins.
Zero time corresponds to the end of a 2-s excitation light pulse. Excitation light was as in a,
c, e. Experimental data (dots) were fitted with two exponential functions (solid lines).
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Figure 6.

(a, b) The action spectra of photoelectric currents generated in HEK293 cells by CaChR1 (a)
or CyChR1 (b) at the bath pH 7.4 (black squares), 5.4 (red circles) or 9.0 (green solid
triangles). For comparison, the action spectrum of ChR1 from C. reinhardtii measured at pH
7.4 is shown in panel A (blue open triangles, dashed line).
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Figure 7.
Comparison of the absorption spectrum of partially purified CaChR1 in detergent (black
line) with the action spectrum of photocurrents (open circles), pH 7.4.
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