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(Background: Channelrhodopsins are algal phototaxis receptors used in optogenetics.
Results: Channel activity and photochemistry of a new channelrhodopsin (PsChR) are characterized.
Conclusion: Blue-shifted PsChR has ~3-fold greater unitary conductance, faster recovery from excitation, and higher sodium

Significance: These properties of PsChR facilitate further analysis of light-gated channel function and are potentially useful for
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Rhodopsin photosensors of phototactic algae act as light-
gated cation channels when expressed in animal cells. These
proteins (channelrhodopsins) are extensively used for millisec-
ond scale photocontrol of cellular functions (optogenetics). We
report characterization of PsChR, one of the phototaxis recep-
tors in the alga Platymonas (Tetraselmis) subcordiformis. PsChR
exhibited ~3-fold higher unitary conductance and greater rela-
tive permeability for Na™* ions, as compared with the most
frequently used channelrhodopsin-2 from Chlamydomonas
reinhardtii (CrChR2). Photocurrents generated by PsChR in
HEK293 cells showed lesser inactivation and faster peak recov-
ery than those by CrChR2. Their maximal spectral sensitivity
was at 445 nm, making PsChR the most blue-shifted channel-
rhodopsin so far identified. The A, of detergent-purified
PsChR was 437 nm at neutral pH and exhibited red shifts (pK,
values at 6.6 and 3.8) upon acidification. The purified pigment
undergoes a photocycle with a prominent red-shifted interme-
diate whose formation and decay kinetics match the kinetics of
channel opening and closing. The rise and decay of an M-like
intermediate prior to formation of this putative conductive state
were faster than in CrChR2. PsChR mediated sufficient light-
induced membrane depolarization in cultured hippocampal
neurons to trigger reliable repetitive spiking at the upper
threshold frequency of the neurons. At low frequencies spiking
probability decreases less with PsChR than with CrChR2
because of the faster recovery of the former. Its blue-shifted
absorption enables optogenetics at wavelengths even below 400
nm. A combination of characteristics makes PsChR important
for further research on structure-function relationships in
ChRs and potentially useful for optogenetics, especially for com-
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binatorial applications when short wavelength excitation is
required.

Photomotility responses in green flagellate algae are medi-
ated by retinylidene proteins with shared sequence homology
to other microbial rhodopsins (for review see Refs. 1 and 2).
Their photoexcitation leads to depolarization of the algal
plasma membrane (3-5), which initiates a signaling cascade
that eventually brings about correction of the cell swimming
path according to the direction of light. An incisive method to
probe rhodopsin-mediated light signaling in phototactic algae
is measurement of photoinduced electrical signals in cell sus-
pensions (6). With this assay, photoreceptor currents were
detected in a variety of species, and their analysis revealed a dual
receptor sensory system common for all tested algae with intra-
chloroplast eyespots (reviewed in Ref. 1).

Algal sensory rhodopsins demonstrate light-gated cation
channel activity when heterologously expressed in animal cells
and are therefore called “channelrhodopsins” (ChRs)? (7, 8).
They predominantly conduct protons but are also permeable
for mono- and divalent metal cations. ChRs are widely used for
control of neuronal firing, muscle contraction and other cellu-
lar processes by light (“optogenetics”; for review see Refs.
9-12). High efficiency and temporal precision are required of
optogenetic tools, especially when low stimulus intensities or
high stimulation frequencies are desirable, but the ChRs known
so far are not ideal in these respects. Their performance has
been somewhat increased by molecular engineering, e.g., by
point mutations and/or construction of chimeras between dif-
ferent natural sequences (reviewed by Refs. 13 and 14). For
example, the H134R and T159C mutants of ChR2 from Chla-
mydomonas reinhardtii generate ~3- and ~10-fold larger cur-
rents, respectively, as compared with the wild type, but this gain
in amplitude is accompanied by a loss in rates of current rise

2 The abbreviations used are: ChR, channelrhodopsin; PsChR, P. subcordifor-
mis channelrhodopsin; CrChR, C. reinhardtii channelrhodopsin; MvChR1,
M. viride channelrhodopsin; TM, transmembrane; BR, bacteriorhodopsin.
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and decay (15, 16). C1V1, a recently developed chimera of
CrChR1 and VcChR1, produces 3-fold larger currents but
retains extremely slow decay kinetics characteristic of parental
VeChR1, which could be partially improved by introducing a
combination of point mutations (17, 18).

A complementary strategy for optimization and extension of
the optogenetic toolkit is searching for natural ChR variants in
other algae. Previously we briefly reported cloning a new
sequence, designated PsChR, from the phototactic alga Platy-
monas (Tetraselmis) subcordiformis (19). In this study, we show
that PsChR is one of the two receptors for phototaxis in this
alga. We also present a detailed analysis of its photoelectric
activity in cultured animal cells and characterize optical prop-
erties of the purified pigment by spectroscopy and flash
photolysis.

Here we report that currents generated by PsChR in HEK293
cells show higher amplitude, smaller inactivation, and faster
peak recovery than those generated by CrChR2, the molecule of
choice in most optogenetic studies, whereas their kinetics is
similarly fast. The higher current amplitude of PsChR is due to
its higher unitary conductance, as estimated by stationary noise
analysis. PsChR shows greater relative permeability for Na™
ions over protons, as compared with CrChR2, which in optoge-
netic applications could minimize undesirable pH changes in
the neuronal cytoplasm. We find that PsChR expressed in cul-
tured hippocampal neurons evokes action potentials by short
light pulses delivered at frequencies up to 50 Hz, which is the
upper limit of functioning for this type of neuron (20). Light
control of spiking on the time scale of seconds was more reliable
with PsChR than with CrChR2, because of the faster recovery of
PsChR from excitation. With its maximum sensitivity at 445
nm, PsChR is the most blue-shifted channelrhodopsin found so
far, ideally suited for coupling with long wavelength absorbing
rhodopsin pumps for light-regulated bidirectional control of
the membrane potential (21-23) or with fluorescent voltage- or
Ca®"-sensitive probes (24-27), which are becoming increas-
ingly popular.

EXPERIMENTAL PROCEDURES

Photocurrents in Native Cells—P. (Tetraselmis) subcordifor-
mis was obtained from the UTEX Culture Collection of Algae
(strain 71) and grown in modified artificial seawater medium
(28) under 16-h light/8-dark cycle (light: 2,000 lux). Photoelec-
tric currents in the algal cells were measured with the popula-
tion assay invented earlier (6). The method takes advantage of
the directional sensitivity of the photoreceptor antenna com-
plex in flagellates. Two platinum wires immersed in a cell sus-
pension pick up an electrical current generated in response to a
unilateral excitation flash from a Vibrant HE 355II Tunable
Laser (OPOTEK Inc., Carlsbad, CA) set at desired wavelengths.
To decrease the current noise, cells from a 2-week culture were
harvested and resuspended in the measuring medium of a lower
ionic strength (0.5 mm CaCl, and 40 mm NaCl). The signal was
amplified by a low noise current amplifier (model 428; Keithley
Instruments, Cleveland, OH) and digitized by a Digidata 1322A
supported by pClamp 10 software (both from Molecular
Devices, Union City, CA).
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Whole Cell Patch Clamp Measurements in HEK293 Cells—
The mammalian expression vector that contained PsChR
c¢DNA encoding the 7TM domain (amino acid residues 1-326)
in frame with EYFP tag was generated as described previously
(19). HEK293 (human embryonic kidney) cells were transfected
using the TransPass COS/293 transfection reagent (New Eng-
land Biolabs, Ipswich, MA). All-trans-retinal (Sigma) was
added as a stock solution in ethanol at the final concentration of
5 uM. Measurements were performed 48 -72 h after transfec-
tion with an Axopatch 200B amplifier (Molecular Devices) with
a 2-kHz filter. The signals were digitized with a Digidata 1440A
using the pClamp 10.2 software (both from Molecular Devices)
at the sampling rate 50 us/point for noise analysis and 200
us/point for other experiments. Fabrication of patch pipettes
and contents of pipette and bath solutions were as before (19).
To test relative permeability for Na™ ions, Na™ in the bath
solution was partially replaced with large monovalent cation
N-methyl-p-glucamine that is not conducted by ChRs to a
measurable degree (8). Light excitation was provided by a Poly-
chrome IV light source (T.LL.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 Poly-
chrome system or with neutral density filters. Maximal quan-
tum density at the focal plane of the 40X objective lens was
~2 X 10?* photons X m~ 2 X s~ ',

Noise Analysis—An experimental procedure for stationary
noise analysis of ChR-generated whole cell currents was modi-
fied from Ref. 29. Current traces were recorded at —60 mV at
room temperature in the dark and during a 25-s light pulse of
intensity, eliciting a half-maximal response. The plateau cur-
rent was fit with a single exponential, and the fit signal was
subtracted from the current trace (30). Power spectral densities
were calculated from 5-s segments of the traces using pClamp
software; 10 individual spectra for dark and light conditions
were averaged for each trace. The difference (light minus dark
spectrum) was fit between 2 and 1 kHz with a single Lorentzian
function to determine the zero frequency asymptote and the
corner frequency (31).

The theory of stationary noise analysis is based on the
assumption that the channel stochastically alternates between a
closed and an open state (31). The spectral density of resultant
current fluctuations is described by a Lorentzian function,

5(0)

f 2
(g
where S(f) is the spectral density, S(0) is the zero asymptote
(spectral density at 0 Hz), fis the frequency, and f, is the corner
frequency.

The unitary conductance () is estimated from the parame-
ters of this function using the amplitude of the whole cell chan-

nel current (f), the holding potential (V}), and the reversal
potential of the channel current (V,).

5 =

(Eq. 1)

~ 7S(0) f.
Y= 20V, — V) (Eq.2)
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Electrical Measurements in Neurons—The 7TM domains of
PsChR or CrChR2 in frame with an EYFP tag were inserted into
pFUGW lentivirus vector backbone provided by Dr. Carlos Lois
(Massachusetts Institute of Technology) between BamHI and
EcoRlI sites. The lentivirus was produced by triple transfection
of HEK293FT cells (Invitrogen) with the envelope plasmid
pCMV-VSVG, the packaging plasmid pA8.9 (both from Dr.
Lois), and the pFUGW-PsChR/CrChR2-EYFP plasmids using
Lipofectamine 2000 (Invitrogen), as described (32). The viral
titer was determined by infection of HEK cells. Hippocampi of
embryonic day 18 Sprague-Dawley rats were obtained as part
of a kit from BrainBits (Springfield, IL), and primary neuronal
cultures were prepared using the protocol provided by the com-
pany. Cells were cultured in NbActiv4 medium (70) on poly-
lysine-coated coverslips and supplemented with 0.4 um all-
trans-retinal (final concentration, in addition to retinyl acetate
present in the medium), unless otherwise indicated. Neurons
were infected with the lentivirus 1 day after plating. Between 10
and 19 days after plating, the cells were used for patch clamp
measurements with the same setup as described for HEK cells,
except that neurons were bathed in Tyrode’s solution (125 mm
NaCl, 2 mm KCI, 3 mm CaCl,, 1 mm MgCl,, 25 mm HEPES, 30
mM glucose, pH 7.3), and the pipette solution contained 135 mm
KCl, 6 mm NaCl, 0.35 mm EGTA, 4 mm Mg-ATP, 20 mm
HEPES, pH 7.25. Spiking was measured in the current clamp
mode to keep the membrane voltage at approximately —65mV.

Expression and Purification of PsChR in Pichia pastoris—The
7TM domain of PsChR with a TEV protease site at the N ter-
minus, and a nine-His tag at the C terminus was subcloned into
the pPICIK vector (Invitrogen) via its EcoRI and AvrlI sites.
P. pastoris strain SMD1168 (his4, pep4) (Invitrogen) was trans-
formed by electroporation using the linearized resultant plas-
mid pPICIK-PsChR-9His. A P. pastoris clone that grows on 4
mg/ml Geneticin was selected according to the manufacturer’s
instructions. Protein expression and purification was carried
out as described earlier for Chlamydomonas augustae channel-
rhodopsin 1 (33). Cells were grown in buffered glycerol-com-
plex medium to Ay, 2—6, transferred to buffered minimal
methanol yeast medium supplemented with all-trans-retinal
and induced with 0.5% methanol. After 24.—30 h, the cells were
harvested by low speed centrifugation and disrupted in a bead
beater (BioSpec Products, Bartlesville, OK). The membranes
were collected by ultracentrifugation and solubilized in 1.5%
(w/v) dodecyl maltoside for 1 h at 4 °C. Nonsolubilized material
was removed by ultracentrifugation, and protein was purified
from the supernatant using a nickel-nitrilotriacetic acid col-
umn (Qiagen). The protein samples were concentrated in 100
mwm NaCl, 0.02% dodecyl maltoside, 20 mm HEPES (pH 7.4) and
used for measurements either directly or after reconstitution in
nanodiscs with 1,2-dimyristoyl-sn-glycero-3-phosphocholine
lipid from Avanti Polar Lipids (Alabaster, AL), as described for
haloarchaeal sensory rhodopsin II in (34).

Absorption Spectroscopy and Flash Photolysis—Absorption
spectra of partially purified PsChR in the UV-visible range were
recorded on a Cary 4000 spectrophotometer (Varian, Palo Alto,
CA). pH titration was carried out by the addition of small vol-
umes of 1 M NaOH, 0.5 m Tris (pH 10), 0.5 M citric acid, or 1 M
HCI. Light-induced absorption changes of Pichia-expressed
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FIGURE 1. Inset, a typical photoinduced electrical signal recorded from a cell
suspension of the marine alga P. subcordiformis consisting of a photoreceptor
current followed by a regenerative response. Main panel, the action spectrum
of photoreceptor currents in P. subcordiformis, which shows a contribution of
two photoreceptor pigments. rel. u., relative unit.

pigment were measured with a laboratory-constructed cross-
beam apparatus (35). Excitation flashes (532 nm, 6 ns, 40 mJ)
were provided by a Surelite I Nd-YAG laser (Continuum, Santa
Clara, CA). Measuring light was from a 250-W incandescent
tungsten lamp combined with a McPherson monochromator
(model 272, Acton, MA). A Hamamatsu Photonics (Bridgewa-
ter, NJ) photomultiplier tube (model R928) was protected from
excitation laser flashes by a second monochromator of the same
type and additionally with 12-nm bandwidth interference fil-
ters (Oriel Instruments, Stratford, CT). Signals were amplified
by a low noise current amplifier (model SR445A; Stanford
Research Systems, Sunnyvale, CA) and digitized by a Digidata
1320A (Molecular Devices) at the sampling rate 4 us/point. The
time interval between excitation flashes was 10 s, and 100
sweeps were averaged for each data point.

Retinal Extraction and Analysis—The protocol was adapted
from Refs. 36 and 37. Protein samples were kept overnight in
the dark and maintained in darkness or illuminated for 2 min
using a tungsten halogen light beam from an FOI-150W Illumi-
nator (Titan Tool Supply, Buffalo, NY) passed through a heat
filter and a 432 = 5-nm interference filter. Retinal was extracted
by the addition of ice-cold methanol followed by ice-cold
hexane and vortexing under dim red light. Phases were sepa-
rated by centrifugation, and the top layer (hexane phase) was
carefully withdrawn and dried under argon. The samples were
dissolved in methanol and separated in 100% hexane on a
Spherisorb S5 ODS2 analytical column using a Waters Delta
600 HPLC system (Waters Corporation, Milford, MA).

Data analysis was performed with pClamp 10.2 (Molecular
Devices) and OriginPro 7 (OriginLab Corporation, Northamp-
ton, MA) software.

RESULTS

Photoreceptor Currents in the Algae—Unilateral light excita-
tion of suspensions of P. subcordiformis cells elicited character-
istic photoelectric responses (Fig. 1, inset) previously detected
in many freshwater flagellates (6, 38 —40). They are comprised
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of photoreceptor currents superimposed with the regenerative
response triggered by depolarization of the plasma membrane.
Gene silencing experiments in C. reinhardtii have demon-
strated that photoreceptor currents are mediated by ChRs (4, 5,
41).

The action spectrum of photoreceptor currents in P. subcor-
diformis shows a main peak at 510 nm and a pronounced shoul-
der in the blue region (Fig. 1, main panel) that we attribute to
the existence of two photoreceptor pigments, as demonstrated
for the similar action spectrum in C. reinhardtii (4). Our data
match closely the action spectrum of P. subcordiformis photo-
taxis determined by measuring accumulation of cells in an illu-
minated cuvette (42). Similar action spectra have also been
measured in many other green flagellates, including the model
organism C. reinhardtii, in which contribution of two ChRs to
the phototaxis spectrum was directly proven by gene knock-
down experiments (4). As we show below, the maximum of the
spectral sensitivity of PsChR in HEK293 cells was at 445 nm,
which strongly suggests it being one of the two receptors
responsible for phototaxis in this organism. This hypothesis
remains to be tested directly when methods for genetic modi-
fication of P. subcordiformis become available.

PsChR Primary Structure—The amino acid sequence of
PsChR is comprised of 660 residues, and its N-terminal half
forms the 7TM (rhodopsin) domain. Two more transmem-
brane helices are predicted in its C-terminal half, as in ChR1
from C. reinhardtii. Its N terminus (upstream of the 7TM
domain) is relatively short and contains no predicted signal
peptide, in contrast to CrChR1. Only Cys-73 (CrChR1 number-
ing) is conserved of three N-terminal Cys residues found to
form disulfide bonds between protomers in the C1C2 dimer
(43). P. subcordiformis is classified as a prasinophycean alga,
but PsChR shows lower sequence homology with PgChR1 from
another prasinophyte, Pyramimonas gelidicola (44), than with
known ChRs from chlorophycean flagellates. It contains all five
Glu residues and a Lys residue in helix B, conserved in ChRs
from C. reinhardtii and Volvox carteri (supplemental Fig. S1).
Glu and Asp residues are found, respectively, in the positions of
the protonated Schiff base counterions Asp-85 and Asp-212 in
bacteriorhodopsin (BR) and a His residue in the position of the
proton donor Asp-96 in BR. Glu-87 of CrChR1, responsible for
its pH-dependent color tuning and fast photocurrent inactiva-
tion (45), is also conserved in PsChR. The position of Tyr-226/
Asn-187 (in CrChR1/CrChR2, respectively), identified as one of
the molecular determinants of differences in spectra, desensi-
tization, and current kinetics in response to a step-up and step-
down of continuous light between CrChR1 and CrChR2 (46), in
PsChR is occupied by a Ser residue.

Kinetics and Inactivation of PsChR Currents—The 7TM
domain of PsChR expressed in HEK293 cells demonstrated
light-gated channel activity typical of other high efficiency
ChRs (Fig. 2). The mean peak current generated by PsChR at
saturating light intensity was 4.6 = 0.4 nA (n = 27 cells), com-
pared with 2.5 £ 0.2 nA (n = 20 cells) for CrChR2, the chan-
nelrhodopsin most frequently used in optogenetic studies (Fig.
2C). The difference between the plateau currents for these two
pigments was even greater: ~3-fold (Fig. 2C). Under continu-
ous illumination, the photocurrent decreased from a peak to a
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FIGURE 2. A and B, photocurrents generated by PsChR (A) and CrChR2 (B)
expressed in HEK293 cells in response to a light pulse of saturating intensity
(440 and 470 nm, respectively). The duration of the pulse is shown schemat-
ically on top. C and D, the mean amplitudes of peak and plateau currents (C)
and the degree of current inactivation (D) for PsChR (n = 27 cells) and CrChR2
(n = 20 cells).

quasistationary level, which is also known for all other ChRs
and is called light inactivation or desensitization. For PsChR the
rate of this process was slower, and its extent was significantly
less than that of CrChR2 (Fig. 2). In addition to the main phase
of inactivation with the time constant (7) ~40 ms, which con-
tributed 76% of the amplitude, a slow second phase with 7 ~7 s
was observed (saturating light intensity, —60 mV, pH 7.4). Cur-
rent inactivation after 1-s illumination, calculated as the differ-
ence between the peak and plateau current relative to the peak
current, was ~1.5-fold less for PsChR than for CrChR2 (Fig.
2D). After switching off the light, PsChR currents decayed biex-
ponentially with 7 of both phases ~15% larger (t, = 9.8 = 0.3
ms, 7, = 102 * 5.4 ms, n = 24 cells) than those for CrChR2
currents under the same conditions (r, = 8.3 = 0.6 ms, 7, =
84.9 + 11.3 ms, n = 16 cells).

Current Amplitude and Unitary Conductance—The ampli-
tude of the whole cell current measured under continuous illu-
mination depends on the number of photoactive molecules in
the cell membrane, lifetime of the open channel, and its unitary
conductance. Although single channel currents generated by
CrChR2 are below the limit for direct recording, their parame-
ters could be estimated by stationary noise analysis (29). We
used this approach (for details see “Experimental Procedures”)
to determine whether a greater plateau current of PsChR
reflects an increased unitary conductance over that of CrChR2.
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In PsChR-transfected cells, the noise amplitude became con-
siderably larger under continuous illumination, as compared
with the dark conditions (Fig. 34, top traces). This increase in
noise was much greater than observed in CrChR2-transfected
cells under the same conditions (Fig. 34, bottom traces). The
noise of control untransfected cells did not change at all after
switching on the light (data not shown). The power density
spectra for both light and dark conditions contained a signifi-
cant 1/fcomponent, i.e., a component inversely proportional to
the frequency (Fig. 3B). The origin of this noise component is
unclear; it can arise simply from nonstationary processes such
as base-line drift (30) or from the summation of a few Lorentz-
ian components having appropriate amplitudes and corner fre-
quencies (47). However, the light minus dark difference could
be fit with a Lorentzian function between 2 and 1 kHz (Fig. 3C).
The value of unitary conductance (vy) for PsChR obtained from
this fit was ~3-fold larger than for CrChR2. Our value for
CrChR2 was close to that reported previously (29), taking into
account the lower bath Na™ concentration in our experiments
and the temperature dependence of y. The close correlation
between the whole cell plateau current amplitudes and the cal-
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culated unitary conductances (Fig. 3D) shows that the greater
current amplitude of PsChR in HEK cells over that of CrChR2 is
attributable to its greater unitary conductance. It should be
noted that the absolute values of vy for both pigments deter-
mined by this method may be underestimated, because the pla-
teau current generated by ChRs under prolonged illumination
is largely determined by a third, inactivated state of the channel
(8), not taken into account by the model used.

Current Peak Recovery—A general property of all ChRs
tested so far is that a second light pulse delivered after a short
dark interval elicits a response with a smaller transient peak
than that invoked by the first pulse, although the plateau level is
the same for both pulses (Fig. 44). The time course of this pro-
cess is multicomponential and depends on the membrane
potential and extracellular pH (8). The recovery of the peak
current generated by PsChR was faster than that of any ChR
tested so far. In particular, 50% of the initial peak amplitude was
recovered in a ~30-fold shorter time than with CrChR2 mea-
sured under the same conditions (Fig. 4B).

Ion Selectivity—Inward photocurrents generated by PsChR
under our standard conditions were almost entirely carried by
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FIGURE 4. A, photocurrents generated by PsChR expressed in an HEK293 cell
inresponse to a pair of 1-s light pulses (440 nm, saturating intensity) delivered
with a 1-s dark interval. Current was normalized to the peak value of the first
signal. The illumination protocol is shown schematically on top. B, the time
course of the recovery of the transient component of the signal measured
with PsChR (black squares) or CrChR2 (open circles). Recovery was calculated as
the ratio of the differences between the peak and the plateau values mea-
sured in response to the second and the first pulse. Recovery percentage is
plotted against the time interval between the pulses. The data are the mean
values of measurements in three to five cells.

Na™ ions, as revealed by their dramatic suppression after partial
replacement of Na™ in the bath with nonpermeable organic
N-methyl-p-glucamine (Fig. 54). In comparison, only ~80% of
CrChR2 current was contributed by Na™, as estimated in a par-
allel experiment (data not shown; see Refs. 8 and 45). We mea-
sured the current-voltage relationships and calculated the
shifts of the reversal voltage (V) upon a decrease of Na* or H*
concentrations in the bath for PsChR and several other ChRs
for comparison. The greatest negative shifts upon Na™ deple-
tion were obtained with PsChR and MvChR1 from Mesostigma
viride, which indicated their highest relative permeability to
Na™ ions over protons of all tested ChRs (Fig. 5B). However, the
Na™ conductance of MvChR1 was inhibited by protons; peak
current amplitude decreased 24% when the bath pH was
changed from 7.4 to 6.4, despite a ~7-mV positive shift of the
V,, indicating that protons were also permeable through its
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FIGURE 5. A, photocurrents generated by PsChR in the same HEK293 cell at
150 and at 1.5 mm Na™ and 148.5 mm nonpermeable N-methyl-p-glucamine
in the bath (1-s light stimulus, 440 nm). B, shifts of V, measured for plateau
currents after a decrease in the bath Na™ concentration from 150 to 1.5 mm
(left axis, solid bars), or an increase in the bath pH from 7.4 to 9 (right axis,
hatched bars). The data points are the mean values obtained from three cells.

channel. In contrast, no such inhibition was observed in PsChR:
the current amplitude difference between pH 7.4 and 6.4 was
<2%.

Under our conditions, the V, of CrChR2 current shifted to a
less positive value during illumination (from 15.8 = 1.0 mV for
the initial current to 10.7 = 1.2 mV for the plateau current; n =
6 cells). These observations confirmed the previously reported
data interpreted as the presence of two open states with differ-
ent ion selectivities in the photocycle of this pigment (48). In
contrast, the corresponding V, values calculated for PsChR cur-
rent were approximately the same (13.1 = 0.6 mV and 14.1 =
0.6 mV, respectively; n = 7 cells). According to the above inter-
pretation, PsChR appears to exhibit a single conductive state, in
contrast to CrChR2.

Action Spectroscopy—The action spectra of PsChR-gener-
ated currents were measured using a 50-ms light pulse of low
intensity, as described earlier for MyChR1 (40). Its maximum
was at 445 nm (Fig. 6A, black line), which makes PsChR the
shortest wavelength-absorbing ChR so far characterized.

Interaction of the protonated Schiff base and its counterion is
one of the major mechanisms of spectral tuning in retinylidene
proteins (49). Most ChRs (except DsChR1) contain two carbox-
ylate residues homologous to Asp-85 and Asp-212 in BR (sup-
plemental Fig. S1) that form hydrogen bonds with the Schiff
base nitrogen, as revealed by the crystal structure of the C1C2
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FIGURE 6. Action spectra of channel currents generated in HEK293 cells
by wild-type PsChR and its mutants at the bath pH 7.4 (A), wild-type
CrChR2 and its mutants at the bath pH 7.4 (B), and wild-type PsChR at the
bath pH indicated in the legend (C). The data points are the mean values of
three to five measurements. rel. u., relative unit.

chimera (43). We generated the E106Q and D236N mutants to
neutralize each of the corresponding carboxylate positions in
PsChR and measured their spectral sensitivities. Both muta-
tions caused a red shift of the spectrum (Fig. 6A), the magnitude
of which was larger upon neutralization of the Asp-85 homolog
(30 nm) than of the Asp-212 homolog (14 nm), as is seen in BR
(50-52). Similar results (red shifts of 23 and 16 nm) were found
in the corresponding CrChR2 mutants, E123Q and D253N (Fig.
6B), the first of which was previously tested in oocytes (53). This
is in contrast to low efficiency C. augustae channelrhodopsin 1,
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in which the corresponding mutations caused a blue spectral
shift,® as did threonine substitution of the Asp-85 homolog in
the C1V1 chimera (17). The opposite directions of the spectral
shifts suggest different counterion arrangements in these ChRs.

Acidification of the medium also caused a red shift of the
PsChR action spectrum, but its magnitude was relatively
smaller compared with those observed in the counterion
mutants: less than 3 nm when pH was shifted from 9.0 to 7.4 and
4 nm when pH was shifted from 7.4 to 5.4 (Fig. 6C). This obser-
vation may indicate low pK, values of the titrated carboxylates.
However, taking into account that channel activity of the
E106Q and D236N mutants was greatly reduced (~44- and
~100-fold, respectively, with respect to that of wild type), an
alternative explanation could be smaller contributions of the
protonated red-shifted forms of the pigment to the net photo-
currents compared with that of the unprotonated forms.

Characterization of Purified PsChR—PsChR was expressed
in P. pastoris and partially purified in detergent with yields of
0.2—-0.3 mg/liter of yeast culture. The absorption spectrum of
purified PsChR in dodecyl maltoside showed an absorption
maximum at 437- and ~90-nm half-bandwidth (Fig. 7A, solid
line). The absorption spectrum shifted less than 1-2 nm to
longer wavelengths when pigment molecules were incorpo-
rated into lipid nanodiscs (Fig. 7A, dashed line). Both spectra
lacked obvious vibrational fine structure, characteristic of the
other relatively blue-shifted microbial rhodopsins CrChR2 (54,
55) and haloarchaeal sensory rhodopsin II (56).

The absorption spectrum of purified PsChR also shifted to
longer wavelengths upon acidification of the medium, as did
the action spectrum of channel currents. Interestingly, the
maximum at 445 nm (the peak of the action spectrum) was
observed at the nonphysiological pH ~4.3, which suggests dif-
ferent protein states in detergent and biological membranes
(Fig. 7B). Titration of the peak revealed at least three titratable
groups. The shape of the differential signal for the most alkaline
transition (data not shown) indicated that it reflects deproto-
nation of the Schiff base; hence fitting of the titration data was
performed with the base level parameter fixed at 360 nm. The
pK, of this transition was ~10.5, and those of the other two
transitions were 3.8 and 6.6. It is probable that the most acidic
transition reflects protonation of Glu-106, because neutraliza-
tion of this residue caused a larger red shift of the action spectra
of the two mutants tested (Fig. 6A, red line). The transition with
pK, ~6.6 and smaller amplitude may correspond to protona-
tion of Asp-236, a neutral mutation of which caused a smaller
red spectral shift (Fig. 64, green line). This hypothesis needs to
be tested with purified mutant proteins, which are, however,
not yet available.

Retinal extraction experiments showed that the ratio of all-
trans- to 13-cis-isomer in dark-adapted PsChR was ~75:25,
similar to that in CrChR2 (37). No significant changes in the
isomer composition were observed upon light adaptation. In
BR and Anabaena sensory rhodopsin, changes in the isomer
composition (36, 57) upon dark adaptation give rise to charac-
teristic difference spectra (36, 58). The direction of the

3 E. G. Govorunova, O. A. Sineshchekov, H. Li, and J. L. Spudich, manuscript in
preparation.
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FIGURE 7. A, the absorption spectrum of purified PsChR solubilized in deter-
gentorreconstituted in nanodiscs. B, pH titration of the absorption maximum
of detergent-purified PsChR. Experimental data were fit with a sum of three
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adapted purified PsChR. Main panel, the time course of the spectral transition
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observed changes are opposite in BR and Anabaena sensory
rhodopsin. We carried out spectroscopic measurements to
resolve possible small amplitude changes in PsChR that fall
below the detection limit of retinal extraction and to follow
their time course. Dark adaptation of PsChR led to a blue spec-
tral shift with a typical light-dark adaptation shape of the dif-
ference spectrum (Fig. 7C, inset). As in BR, the amount of
13-cis-retinal increased in the dark. However, its magnitude in
PsChR was dramatically smaller as judged from the difference
spectrum (only 3% of the total absorbance). The time constant
of dark adaptation in PsChR was ~26 min (Fig. 7C, main panel).

Fig. 84 shows the spectra of laser flash-induced absorbance
changes in detergent-purified PsChR. Although no positive sig-
nal was observed in the short wavelength region at room tem-
perature, an increase in the absorption at 510 nm at the expense
of a decrease at 380 nm at the early stages of the photocycle
suggests contribution of an early M-like state, the absorption of
which strongly overlaps with the absorption of the unphotoly-
sed state. Therefore, kinetics of this intermediate was followed
at 5 °C to improve the time resolution (Fig. 8B). Even at this low
temperature, the rates of the M intermediate formation and
decay were faster than those reported in CrChR2 (59). Conse-
quently, maximal accumulation of the M intermediate of
PsChR was observed at 50 us, as compared with 200 us in
CrChR2. The main photoproduct (N/O-like) in the PsChR pho-
tocycle is red-shifted, similar to observations in CrChR2 (54),
and biphasic in both its rise and decay. The rise and the fast
component of the decay roughly correlated with the opening
and closing of the channel measured in HEK cells (Fig. 8C).

Function of PsChR in Neurons—To test whether PsChR is
relevant for optogenetic applications, we examined its perfor-
mance in cultured hippocampal neurons. Neurons expressing
PsChR were capable of firing action potentials upon light stim-
ulation with brief light pulses at frequencies up to 50 Hz (Fig.
9A), which is the upper limit for pyramidal neurons (20).
Expression of both PsChR and CrChR2, as judged by the tag
fluorescence, was increased when the cultures were supple-
mented with all-trans-retinal (final concentration, 0.4 uM) in
addition to 0.5 um retinyl acetate present in the culture
medium. Photoinduced channel currents generated in neu-
rons by PsChR were increased ~9-fold, and those generated
by CrChR2 were increased ~5-fold in cultures with addi-
tional retinal, which was similar to results obtained in
HEK293 cells (~12- and ~2.4-fold increase for PsChR and
CrChR2, respectively).

Upon 1-Hz excitation, the rate of the membrane depolariza-
tion decreased significantly more slowly and to a lesser degree
for PsChR than for CrChR2 (Fig. 9, B and C, left axes). Corre-
spondingly, the probability of spike generation driven by this
depolarization only slightly decreased during a 20-s period of
excitation in PsChR-expressing neurons, whereas in CrChR2-
expressing neurons it rapidly dropped to a much lower level
(Fig. 9, B and C, bars, right axes).

during dark adaptation determined as the dependence of the amplitude of
the difference spectrum (as shown by the arrow in the inset) on time fit with
an exponential function. rel. u., relative unit.
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FIGURE 8. A, the spectra of absorbance changes induced by laser excitation
(532 nm, 6 ns) in detergent-purified PsChR. B, the kinetics of the M-like
intermediate in detergent-purified PsChR. The smooth line shows a com-
puter fit to the data. C, superposition of the kinetics of the red-shifted
intermediate in the photocycle of detergent-purified PsChR and the kinet-
ics of the laser flash-induced photocurrent generated by PsChR in a
HEK293 cell adapted from Ref. 19.

DISCUSSION

Action spectroscopy and analysis of photoreceptor currents
predict the existence of two spectrally distinct ChRs in all green
algae tested so far (for review see Ref. 1), with a possible excep-
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FIGURE 9. A, typical voltage traces showing membrane depolarization and spikes
recorded from a current-clamped PsChR-expressing pyramidal neuron in
response to stimulation with brief light pulses (440 nm, 5 ms, 50 Hz). The times of
light pulses are indicated by the bar at the bottom of the graph. B and C, the
normalized rate of the light-induced membrane depolarization (squares, left axis)
and the probability of spike generation (bars, right axis) in cultured hippocampal
neurons that express PsChR (B) or CrChR2 (C). Trains of 20 light pulses (5-ms dura-
tion) were applied at a frequency of 1 Hz. The excitation wavelength was 440 nm
for PsChR and 470 nm for CrChR2, and the light intensity was close to the thresh-
old for spike generation (i.e., spikes were evoked by less than 100% of pulses). The
spiking probability was calculated for each successive group of five pulses. The
data are mean values recorded from 16 experiments.
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tion of M. viride (40). In C. reinhardltii, gene silencing experi-
ments have directly confirmed the role of its ChRs as light
receptors for phototaxis and the photophobic response (4, 5,
41). To date, two channelopsin genes per genome have been
identified in C. reinhardtii (4,7, 8, 60), V. carteri (61), and Pleu-
dorina starrii (44). ChRs from C. reinhardtii and V. carteri have
been heterologously overexpressed and purified, and their
absorption spectra confirmed the results of action spectroscopy
(41, 54, 61). In both organisms, the longer wavelength (green)
absorbing ChR of the pair was designated as ChR1, and the
shorter wavelength (blue) absorbing as ChR2.

Alignment of the 14 currently reported ChR sequences (sup-
plemental Fig. S1) do not divide them in two distinct groups.
Therefore, when only one ChR species of a presumed pair is
known in a particular organism, it is difficult to assign it to ChR
group 1 or 2 from the sequence information alone. (These num-
bers are not to be confused with type 1 and type 2 used to
distinguish microbial rhodopsins from animal visual proteins
(62).) However, matching the spectral properties of PsChR with
the action spectrum of photoreceptor currents in P. subcordi-
formis clearly indicates that it is the blue-shifted member of the
pair and consequently can be classified as PsChR2, despite it
being the only ChR identified so far in this alga. PsChR absorp-
tion is the most blue-shifted of all known ChRs. Generally, for
optogenetic tools long-wavelength absorption is preferable to
minimize scattering of light by biological tissues and its absorp-
tion by hemoglobin. However, the blue-shifted spectrum of
PsChR is ideal for combinatorial applications with long wave-
length-absorbing rhodopsin pumps or fluorescent indicators.

All known ChRs are predominantly proton channels, so their
use for optogenetics may lead to undesirable acidification of the
cytoplasm. Indeed, a pH decrease of 0.3 units was detected in
photoactivated HEK293 cells that express CrChR2 (15). The
higher selectivity of PsChR for Na™ ions over protons may cir-
cumvent this side effect. Both PsChR and MvChR1 show high
Na™ selectivity, but its mechanisms appear to be fundamentally
different in these proteins. In MvChR1, which uniquely con-
tains an alanine residue in place of His-134 (CrChR2 number-
ing), Na* conductance is inhibited by protons, as it is in the
H134(R/S) mutants of CrChR2 (63). On the other hand, no such
inhibition was found in PsChR, in which His-134 is conserved
(supplemental Fig. S1).

Also conserved in PsChR are Glu-90, Ser-63, and Asn-258
(supplemental Fig. S1), implicated in control of ion selectivity in
CrChR2 (63-65), and Ser-136, which regulates the size of the
channel pore (66). Of three positively charged residues that
form a vestibule on the extracellular side of the channel pore in
C1C2 (43), Lys-154 is substituted with Val in PsChR. However,
neutral residues are also found in this position in other ChRs,
including highly proton-selective DsChR1, which is inconsis-
tent with a possible role for this residue in determination of
Na™ selectivity. The structural determinants of the high Na™
selectivity in PsChR remain currently unknown.

We showed that PsChR is expressed in cultured hippocampal
neurons and can be used to drive their spiking activity by light
excitation. Moreover, a faster peak recovery of PsChR-gener-
ated currents provides an advantage in certain optogenetic
applications. Recently it has been demonstrated that the level of
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expression and, correspondingly, the amplitude of channel cur-
rents generated by CrChR2 in animal cells dramatically
increase upon the addition of exogenous retinal (67). We found
that this increase was even larger for PsChR than for CrChR2.
Retinal content of some heterologous systems, such as
Caenorhabditis elegans or Drosophila, is so low that even
CrChR2 cannot be used there without the addition of exoge-
nous retinal (68, 69). On the other hand, the intact mammalian
brain may have enough endogenous retinal to reconstitute fully
functional PsChR.

Our characterization of PsChR augments understanding of
functional mechanisms of ChRs and reveals its potentially use-
ful properties as an optogenetic tool. Taking into account the
great number and diversity of phototactic algal species in which
the existence of ChRs is predicted, comparative analysis of dif-
ferent native ChR variants may be as beneficial as bioengineer-
ing of select model molecules both for basic research into their
structure-function relationships and for optimization of their
biotechnology applications.
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