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Microbial proteins that can be rapidly activated by light have been
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Figure 1 Identification and characterization of VChR1. (a) Volvox carteri colony ChR2 LLGHYLRVLI HEHILIHGDI RKTTKLNIGG TEIEVETLVE DEAE 311
. . Ly ChR1 MMGHFLRVKI HEHILLYGDI RKKQKVNVAG QEMEVETMVH EEDD 350
showing several thousand small somatic cells and 16 gonidia (scale bar, VChR1 VLGNYLRVKI HEHILLYGDI RKKOKITIAG OEMEVETLVA EEED 306
125 um). (b) Photocurrents in VChR1-expressing HEK293 cells under varying —
light intensity (traces represent averages of six recordings). (c) /-V relationship e o ChRZ e VOhRS
in HEK293 cells under varying extracellular pH. External and internal [Na*] 150 - 1.0
were held constant at 140 mM. (d) RSB structure shows the predicted changes _ H
. . . . . < & 0.8
in environmental polarity as partial charges (3—; top). Sequence comparison of £ 400 2
ChR2, ChR1 and VChR1 is shown with residues highlighted that are predicted 8 ; 06
to define the RSB Schiff base counterion (blue), modulate electrical potential of 3 . g 0.4
the RSB binding pocket (red) or modulate RSB potential via long-range coupling & 024
(green). (e) lon flux characteristics of VChR1 in HEK293 cells (n = 4; see ’
0

Supplementary Methods). (f) Action spectra for VChR1 and ChR2 in oocytes; 0- R 400 450 500 550 600 650
wavelengths used in later figures are shaded. Values are mean + s.e.m. N < Wavelength (nm)
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Figure 2 VChR1 permits red-shifted neural photostimulation. (a) Cultured
hippocampal neuron expressing VChR1-EYFP. A lentiviral vector carrying the
oCaMKII promoter was used to drive neuron-specific expression (scale bar,

75 um). (b) Inward photocurrent in a voltage-clamped VChR1-EYFP neuron
evoked by 1 s of 531- or 589-nm light (colored bars). (c) Summary data of
mean current evoked by 531- or 589-nm light over increasing light intensities
(n=10). (d) Voltage traces showing spikes in a current-clamped hippocampal
neuron evoked by 5-, 10-, 20- or 30-Hz trains of 5-ms light pulses (orange
dashes). (e) Population data summarizing light-spike fidelity in current-clamped
neurons illuminated with 531- or 589-nm light pulses (n = 12). (f) Barrage
summation of subthreshold synaptic-like events evoked with increasing light-
pulse frequency. (g,h) Membrane resistances and resting membrane potentials
of neurons expressing VChR1-EYFP (n = 10), not expressing VChR1-EYFP (wild

@type, n=10), or expressing VChR1-EYFP and measured 24 h after exposure to

activating light (n = 10). Values are mean + s.e.m.

the genome database from the US Department of Energy Joint Genome
Institute, discovered a second Volvox ChR (VChRI1) that is more
related to ChR1 (ref. 9) from Chlamydomonas reinhardtii, explored its
properties in heterologous expression systems and functionally tested
the codon-optimized opsin gene in mammalian neurons.

We expressed VChRI in Xenopus oocytes and HEK293 cells and
observed evoked photocurrents similar to those of ChR1 from
Chlamydomonas®'°. The photocurrents were graded with light intensity
and showed inactivation from a fast peak toward a reduced stationary
plateau (Fig. 1b). The peak preferentially appeared at high light inten-
sities as a result of accumulation of an expected late, nonconducting
photocycle intermediate (Fig. 1b)°, and currents showed an inwardly
rectifying current-voltage relationship (Fig. 1c).

Certain primary structural differences between VChR1 and the
Chlamydomonas ChRs suggested that the properties of VChR1 would
be distinct from those of the other ChRs (Fig. 1d). On the basis of
electrostatic potential and quantum mechanical-molecular mechanical
calculations for bacteriorhodopsin and relatives, the counterion complex
of the all-trans retinal Schiff base (RSB; Fig. 1d) should be critical for color
tuning! 12, but these residues are conserved in both ChR1 and VChR1

(blue sequence, Fig. 1d). On the other hand, calculations and mutational
experiments! 12 predict that four residues of the RSB binding pocket can
contribute to absorption differences (red sequence, Fig. 1d); the first three
are expected to be located near the RSB B-ionone ring (red structure,
Fig. 1d), whereas the fourth is probably adjacent to the protonated
nitrogen of the RSB (green structure, Fig. 1d). Notably, the B-ionone
ring end of the RSB in VChRI is expected to be more polar than that in
ChR1 and ChR2, as positions 181 and 183 have been substituted with
a polar Ser, whereas, conversely, the RSB nitrogen environment is less
polar (S526A). The combination of these exchanges led us to expect a
redistribution of positive charge along the RSB polyene system and a
substantial red-shift compared with ChR2. Finally, one out of three other
amino acids (green sequence, Fig. 1d) that are expected to modulate RSB
charge distribution by long-range coupling is exchanged in both VChR1
and ChR1 (H114N). The 495-nm absorbance maximum of ChR1 (which
does not express well in neurons) is indeed slightly red-shifted from that
of ChR2 (ref. 9), but the combination of several substantial changes in
VChR1 predicted a robust wavelength shift on a scale that would be
useful for defining a new class of tool for neuroscience.

Although VChRI did not appear to differ from ChR2 in ion selectivity
under physiological conditions (conducting chiefly Na*, but also H, K*
and Ca%*; Fig. 1e), its wavelength dependence was indeed altered. VChR1-
expressing oocytes were excited using 10-ns laser flashes across a range of
wavelengths, allowing us to delineate a markedly red-shifted action spectrum,
which revealed a maximum at ~535 nm and a small shoulder at lower wave-
lengths (Fig. 1f). To test the function of VChR1 in neurons, we constructed a
lentivirus carrying the CaMKII promoter to drive strong protein expression.
To visualize VChR1 expression, we fused the seven transmembrane
domains of VChRI (residues 1-300; GenBank accession number
EU622855) in frame to the amino terminus of yellow fluorescent protein
(VChR1-EYFP). Neurons expressing VChR1-EYFP showed fluorescence
similar to that reported previously for ChR2-EYFP (Fig. 2a), with
the level of expression being slightly weaker than that of ChR2-EYFP
using the same vector. Nevertheless, VChR1-EYFP neurons showed
strong photocurrents when illuminated with 531-nm or 589-nm light
(Fig. 2b). When the neurons were illuminated with 15 mW mm™ of
531-nm light or 13.8 mW mm™ of 589-nm light, the mean whole-cell
inward currents were 208.8 + 22.3 (n = 20; data are expressed as mean
+ s.e.m. unless otherwise stated) and 177.6 = 24.7 pA (n = 10), respectively
(Fig. 2¢). The apparent time constants for the rise of the photocurrent
were faster close to the wavelength of maximum activation as a result
of the shift in absorption coefficient, with corresponding values of
Ts531 on = 2.8 £ 0.3 ms and Tsg9 o, = 8.0 + 0.7 ms (n = 11 for 531 nm
and n = 10 for 589 nm). The corresponding decay time constants were
Tszp off = 1334 £ 11.7ms (n=11) and Tsgg o= 135.7 £9.8 ms (n=10).

We next explored the frequency ‘dependence of VChRI in
driving spiking, using trains of 20 5-ms light pulses at 531 or
589 nm that were delivered to neurons in current clamp (exemplar
traces from 589-nm excitation are shown in Fig. 2d). At up to
10 Hz, more than 90% of tested cells fired 100% of the action
potentials in the train at either wavelength, and cells typically fired
in response to ~65% of the light pulses at 20 Hz (Fig. 2e). In these
strongly expressing cells, reliable spiking could be driven up to
30 Hz (Fig. 2d; pyramidal neurons in culture typically cannot follow
50 Hz or beyond in response to either current injection or ChR2
photostimulation), and doublets of spikes were occasionally evoked
for a single light pulse at 531 nm, probably because the VChRI T ¢
decay constant was slower (133 ms) than that of ChR2 (12 ms). As with
ChR2, VChRI could also trigger excitatory postsynaptic potential-like
subthreshold depolarizations with lower stimulation light intensities.
Delivery of light-pulse barrages evoked typical summation of the
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Figure 3 Separable channels of optogenetic excitation. (a) Voltage traces
showing that ChR2 and VChR1 can be selectively activated by 406-

(1.2 mW mm~2) and 589-nm (2.3 mW mm~2) light, respectively. Trains

of 5-ms light flashes were delivered at 5 Hz. (b) Population data comparing
activation of ChR2 by 406- and 589-nm light at three different light
intensities (n = 7). Trains of 5-ms light pulses were delivered at 5 Hz.

(c) Population data comparing activation of VChR1 by 406- and 589-nm
light at three different light intensities (n = 10). Values are mean + s.e.m.

subthreshold membrane voltage changes, with increasing light-pulse
frequencies delivering increased steady-state depolarization (Fig. 2f).

To test for possible effects on membrane integrity, we
compared the membrane resistances and resting membrane
potentials (Fig. 2g,h) by whole-cell patch clamp of VChRI-
EYFP-expressing neurons, nontransduced neurons and
VChR1-EYFP-expressing neurons that were first patch clamped
24 h after exposure to a typical light-pulse protocol (1 s of 20 Hz per
5 ms light flashes, once per minute, for 10 min). The three groups had
comparable recorded values (P > 0.05 for all comparisons), suggesting
that VChR1-EYFP expression did not significantly alter membrane
electrical properties*. Subcellular distribution was similar to that of
ChR2.VChRI1 was well tolerated and no all-trans retinal supplementa-
tion was needed in neurons.

Finally, we tested whether the pronounced spectral separation between
ChR2 and VChR1 activation would be sufficient to enable separable
activation. On the basis of our action spectra (Fig. 1f), we selected
589 and 406 nm as optimal excitation wavelengths with which to probe
separable activation of ChR2 and VChR1. For neurons expressing either
ChR2 or VChR1, we tested for evoked action potentials in response to
trains of 20 5-ms light pulses delivered at 5 Hz. We also tested each
wavelength at several different light intensities to determine the
parameters that maximize ChR2, while minimizing VChR1, activation at
406 nm and vice versa. Indeed, we found that ChR2 and VChR1 neurons
could be separated at 589 nm (Fig. 3a). In fact, no ChR2 neurons
fired action potentials when illuminated with 589-nm light pulses of
any intensity, as the absorption is effectively zero at this wavelength,
whereas VChR1 neurons fired reliably at this wavelength. Conversely,
all ChR2 neurons fired with 100% fidelity when illuminated with
406-nm light, at all three light intensities (n = 7; Fig. 3b). Although
VChRI cells were capable of firing occasional spikes in response to
406-nm flashes (all rhodopsins show some absorption at this wavelength),
the percentage of spikes could be reduced to 13 £ 9%, but not eliminated
when the 406-nm light intensity was reduced to 1.2 mW mm™2 (n = 10;
Fig. 3¢), an intensity which continued to reliably drive spiking in the
ChR2 neurons (Supplementary Methods online).
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As currently implemented, the simultaneous application of VChR1
and ChR2 could be used to test the role of progressive recruitment of
different cell populations in controlling circuit behavior. For example,
two different local circuit populations could be progressively recruited
in stepwise fashion by isolating population A with yellow light and then
driving the combination of populations A and B with added blue light.

For other kinds of experiments it may be useful to drive two
completely isolated populations at different times in the same
preparation. At yellow wavelengths, the VChR1-labeled population
will be exclusively controlled, whereas the contribution of the
ChR2-labeled population will become steadily more dominant as the
excitation wavelength becomes progressively bluer beyond 535 nm
(Fig. 1f). However, overlap at the blue end of the spectrum presents a
major challenge for in vivo experiments where a broad range of light
intensities are present as a result of light scattering® and where it will
therefore not be reliable to use light power—density tuning (Fig. 3)
to improve spectral separation at short wavelengths. Looking toward
the future, molecular refinements (for example, blue-shifting ChR2
and narrowing the spectrum of VChR1) will probably be required
to provide adequate separation at the blue end of the spectrum for
certain classes of in vivo experiments.

The identification and characterization reported here of VChR1 as a
yellow-light photostimulation tool defines the third major functionally
distinct category of fast microbial optogenetic tools available for
interrogating the organization and function of neural circuits (reviewed in
ref. 13). The substantially red-shifted action spectrum will allow not only
combinatorial control experiments, but also improved integration with
existing blue light—activated Ca>" indicators and deeper penetration
of light with in vivo applications'® as a result of the reduced scattering
of lower-energy photons. The discovery of microbial proteins that can
be used as tools for basic science and biotechnology underscores the
importance of mining ecological diversity in the cause of neuroscience;
there are many opsins with potentially useful properties'®, and this
study provides proof of principle for using genomic tools to uncover
latent possibilities in microbial genomes.

Note: Supplementary information is available on the Nature Neuroscience website.
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