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Natural light-gated anion channels:
A family of microbial rhodopsins for
advanced optogenetics
Elena G. Govorunova,1 Oleg A. Sineshchekov,1 Roger Janz,2

Xiaoqin Liu,2 John L. Spudich1*

Light-gated rhodopsin cation channels from chlorophyte algae have transformed
neuroscience research through their use as membrane-depolarizing optogenetic tools
for targeted photoactivation of neuron firing. Photosuppression of neuronal action
potentials has been limited by the lack of equally efficient tools for membrane
hyperpolarization. We describe anion channel rhodopsins (ACRs), a family of light-gated
anion channels from cryptophyte algae that provide highly sensitive and efficient
membrane hyperpolarization and neuronal silencing through light-gated chloride
conduction. ACRs strictly conducted anions, completely excluding protons and larger
cations, and hyperpolarized the membrane of cultured animal cells with much faster
kinetics at less than one-thousandth of the light intensity required by the most efficient
currently available optogenetic proteins. Natural ACRs provide optogenetic inhibition
tools with unprecedented light sensitivity and temporal precision.

M
icrobial rhodopsins are functionally di-
verse (1, 2). Several are used as molecular
tools for optogenetics to regulate cellu-
lar activity with light (3–5). Membrane-
depolarizing phototaxis receptors from

green (chlorophyte) flagellate algae (6), best
known as channelrhodopsins (ChRs) function as
millisecond–time scale light-gated cation channels

(7, 8) and are widely used to depolarize gen-
etically targeted populations of excitable cells.
Hyperpolarizing rhodopsin ion pumps have been
used to suppress neuron firing (9–13), but they
transport only a single charge per captured pho-
ton and therefore have limited capacity. Recent-
ly, ChRswere engineered to conduct Cl–, but these
optogenetic tools still retain some cation conduc-

tance and could be made highly light-sensitive
only at the expense of slowing the channel ki-
netics with additional mutations (14, 15). Ideal
for optogenetic hyperpolarization would be nat-
ural light-gated anion channels optimized by evo-
lution to be strictly anion-selective and highly
conductive with rapid kinetics.
Of the ~50 known ChRs from chlorophytes, all

that have been tested are exclusively cation chan-
nels (7, 8, 16–18). Photoreceptor currents similar
to those mediated by ChRs in chlorophytes also
occur in the phylogenetically distant cryptophyte
algae (19). However, several rhodopsin proteins
from genes cloned from these organisms did
not exhibit channel activity (19, 20). The nuclear
genome of the cryptophyte Guillardia theta has
been completely sequenced (21). A BLAST search
of model proteins identified 53 with sequence
similarity to that of microbial (type I) rhodop-
sins. None showed high similarity to ChRs, but
the models of one particular cluster (Fig. 1A
and fig. S1) did contain some key residues
characteristic of chlorophyte ChRs (Fig. 1B and
fig. S2).
Gene fragments encoding seven transmem-

brane domains ofG. theta proteins 111593, 146828,
and 161302 were well expressed in transfected hu-
man kidney embryonic (HEK293) cells. The first
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Fig. 1. Phylogeny and photoactivity of G. theta ACRs. (A) Phylogenetic
tree of CCRs and ACRs. (B and C) ClustalW alignments of transmembrane
helices 2 (B) and 3 (C). Abbreviated organism names are: Gt, Guillardia
theta; Cr, Chlamydomonas reinhardtii; Ca, Chlamydomonas augustae; Mv,
Mesostigma viride; Hs, Halobacterium salinarum; Nm, Nonlabens marinus.
The last residue numbers are shown on the right. Conserved Glu residues
in helix 2 are highlighted in yellow, Glu residues in the position of bac-

teriorhodopsin Asp85 in red, and His residues corresponding to His134 of
CrChR2 in blue. (D) Photocurrents of GtACR1, GtACR2, and CrChR2 in
HEK293 cells in response to a saturating light pulse at –60 mV. (Inset)
Mean amplitudes of peak (solid bars) and stationary (hatched bars) cur-
rents (n = 18 to 20 cells). (E) Dependence of the peak and stationary
current amplitudes and rise rates on stimulus intensity. (F) Action spectra
of photocurrents.
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two constructs generated photocurrents, whereas
the third did not. The first two functioned as light-
gated anion channels; therefore we named them
GtACR1 andGtACR2 (Guillardia theta anion chan-
nel rhodopsins 1 and 2).

With our standard solutions for electrophysio-
logical recording (126 mMKCl in the pipette and
150 mM NaCl in the bath, pH 7.4; for other com-
ponents see table S1), the currents generated by
GtACR1 and GtACR2 were inward at the holding

potential (Eh) of –60 mV (Fig. 1D). The mean pla-
teau currents from GtACR1 and GtACR2 were,
respectively, eight and six times larger than those
from CrChR2 (Cr, Chlamydomonas reinhardtii),
themost frequently used optogenetic tool, with a
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Fig. 2. ACRs do not conduct cations. Photo-
currents generated byGtACR1 (A) andGtACR2 (B)
inHEK293 cells at themembrane potentials changed
in 20-mV steps from –60 mV at the amplifier out-
put (bottom to top).The pipette solution was stan-
dard, and the bath solution was as indicated. (C) IE
relationships measured at various pH of the bath.
The data (mean values ±SEM, n=4 to 6 cells) were
corrected for liquid junction potentials (table S1)
and normalized to the value measured at –60 mV
at pH7.4. Representative data forCrChR2 are shown
for comparison. (D) Erev shifts measured upon var-
iation of the cation composition of the bath. The
data are mean values ± SEM (n = 3 to 6 cells).

Fig. 3. Anion selectivity of ACRs. Photocurrents
generatedbyGtACR1 (A) andGtACR2 (B) inHEK293
cells at the membrane potentials changed in 20-mV
steps from –60mVat the amplifier output (bottom
to top).The pipette solution was standard, and the
bath solution was as indicated. (C) IE relationships
measured at various Cl– concentrations in the bath.
The data (mean values ±SEM, n=4 to 6 cells) were
corrected for liquid junction potentials (table S1)
and normalized to the value measured at –60 mV
at 156 mM Cl–. The dashed vertical lines show the
Nernst equilibrium potential for Cl– at the bath
concentrations used. (D) Erev shiftsmeasured upon
variation of the anion composition of the bath.The
data are mean values ± SEM (n = 3 to 6 cells).
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lesser degree of inactivation (Fig. 1, inset). The de-
pendence of the current rise rate on the stimulus
intensity exhibited a higher saturation level than
the current amplitude (Fig. 1E) and therefore was
used for constructionof the action spectra.GtACR1
showedmaximal sensitivity to 515-nm light, with
a shoulder on the short-wavelength slope of the
spectrum (Fig. 1F). The sensitivity of GtACR2
peaked at 470 nm, with additional bands at 445
and 415 nm (Fig. 1F).
The sign ofGtACR1 andGtACR2photocurrents

reversedwhen themembranepotentialwas shifted
to more positive values (Fig. 2, A and B, respec-
tively). In the tested range from –60 to 60mV, the
current-voltage relationships (IE curves) were lin-
ear (Fig. 2C), unlike those for chlorophyte ChRs
(22). To characterize the ionpermeability ofG. theta
rhodopsins, we measured IE curves and deter-
mined the reversal potential (Erev) upon variation
of the ionic composition of the bath solution. In
contrast to chlorophyte ChRs, for which protons
are the most highly permeable ions, Erev of the
currents generated by GtACR1 and GtACR2 were
not affected by pH (Fig. 2C). Moreover, no Erev
shifts were observed when the large nonperme-

able organic cationN-methyl-glucamine (NMG+)
was replaced with Na+, K+, or Ca2+ (Fig. 2D).
We conclude that GtACR1 and GtACR2 are
not permeable by cations conducted by chloro-
phyte ChRs.
Whenmost of the Cl– in the bath was replaced

with the large anion aspartate, yielding a Nernst
equilibrium potential for Cl– (ECl) of 81 mV, Erev
shifted to 75 ± 2.4 and 80 ± 1.4mV (mean ± SEM,
n = 4 to 5 cells) for GtACR1 and GtACR2, re-
spectively (Fig. 3C), as would be expected only if
the currents were exclusively due to passive Cl–

transport. We compared the permeability of var-
ious anions by substituting them for nonperme-
able Asp– in the bath. For both G. theta ACRs, I–,
NO3

–, or Br– caused even greater Erev shifts than
Cl–. F– caused a smaller shift, whereas SO4

2–

was nonpermeable. The permeability sequence
NO3

– > I– > Br– > Cl– > F– > SO4
2– = Asp– deter-

mined for ACRs is in accord with the lyotropic
series characteristic of many Cl– channels from
animal cells (23).
The cytoplasmic Cl– concentration in most an-

imal cells, including neurons, is low (24). Under
such conditions (5 mM Cl– in the pipette and

156 mM in the bath), G. theta ACRs generated
hyperpolarizing currents in HEK293 cells at Eh
above the Nernst equilibrium potential for Cl–

(ECl) (fig. S3). The amplitude of GtACR2 photo-
currents was similar, but the kinetics was faster
than that of GtACR1 currents, which is advan-
tageous for control of neuronal activity. Hyper-
polarizing photocurrents generated by GtACR2
at the less-than-1000th lower light intensity were
equal to the maximal currents generated by the
proton pump archaerhodopsin-3 (Arch), a popu-
lar tool for optogenetic spike suppression (12),
and by the recently reported slow ChloC mutant
(14) (Fig. 4A, black arrow). The stimulus-response
curve for the mutant was less steep than for
GtACR2 because of the slower current kinetics of
the latter (Fig. 4E). However, even at nonsaturat-
ing light intensities,GtACR2 remainedmore than
100 times more photosensitive than slow ChloC
(Fig. 4A, red arrow). The larger amplitude of
GtACR2 photocurrents was not due to its higher
expression level, as assessed by measuring rela-
tive tag fluorescence (fig. S4). Higher unitary con-
ductance of ACRs is shown by stationary noise
analysis ofmacroscopic current fluctuations,which
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Fig. 4. GtACR2 as a hyperpolarizing tool. (A) Light-intensity dependence
of photocurrents generated by GtACR2, slow ChloC, and Arch in HEK293 cells
at 20mV.The arrows show the difference in light sensitivity. (B) IE relationship
for GtACR2 in neurons. The data (mean values ± SEM, n = 5 cells) were
corrected for LJP (table S2). The dashed vertical line shows the resting po-
tential (Erest). The ranges of activity for Cl–-conducting ChR mutants are from
(14, 15). (C) Photoinhibition of spiking induced by pulsed current injection in a
typical neuron expressing GtACR2. The light intensity was 0.026 mW/mm2.
(D) The dependence of the rheobase of current ramp-evoked spikes on the
light intensity in a typical neuron expressing GtACR2. The data are mean
values ± SEM (n = 5 repetitions). Light was applied 0.1 s before the beginning
of the current ramp. (Inset) Comparative efficiency ofGtACR2 and the ChloC

mutants represented as a reciprocal of the minimal light intensity sufficient to
fully suppress spiking.The data for GtACR2 are the mean value ± SEM (n = 7
neurons). Data for the ChloC mutants under continuous illumination are
from (14). (E) Kinetics of the photocurrents generated by GtACR2 in re-
sponse to a 1-s light pulse and by slow ChloC in response to a 15-s light pulse
(light intensity for both traces was 0.002 mW/mm2). The time constants (t)
were determined by single exponential fits of the recorded traces. The fitted
curves are shown as thick lines of the same color as the data. (F) The light-
intensity dependence of slow ChloC current amplitude measured at different
times after the start of illumination. Data aremean values ± SEM (n = 5 cells).
The arrow shows the increase in the light intensity necessary to reach the
same current amplitude at 0.1 as at 15 s illumination.
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gave values for GtACR1 and GtACR2more than 10
times higher than those for CrChR2 (fig. S5) (25).
In cultured rat pyramidal neurons,GtACR2gen-

eratedhyperpolarizing currents atEh above–88mV
(Fig. 4B and fig. S6A). This value corresponds ex-
actly to ECl under our conditions (table S2). This
strict selectivity is a second advantage of ACRs over
the previously reported Cl–-conducting ChR mu-
tants, for which Erev is 25 to 30 mVmore positive
than ECl, due to residual cation permeability
(14, 15). The range of potentials at which GtACR2
hyperpolarizes the membrane is therefore wider
and extends through the values typical for rest-
ing potentials of neurons (Fig. 4B). In current
clamp experiments, GtACR2 allowed precisely
controlled optical silencing of spikes at frequen-
cies up to at least 25 Hz (Fig. 4C and fig. S6B).
To compare the efficiency ofGtACR2with that

of slow ChloC in neurons, wemeasured the rheo-
base of current ramp-evoked spikes at different
light intensities using the same solutions and
current injection protocol as in (14). In GtACR2-
expressing neurons, full suppression of spiking
was observed at 0.005 mW/mm2 (Fig. 4D). The
fast ChloC mutant, comparable in its kinetics to
GtACR2, could not fully suppress spiking even at
10 mW/mm2 of light, whereas a relatively higher
efficiency of slow ChloC with full suppression
at ~0.1 mW/mm2 (the reciprocal of this value is
plotted in the Fig. 4D, inset) was achieved only at
the expense of a dramatically slower kinetics and
the necessity to illuminate for at least 12 s (14)
(Fig. 4E). As GtACR2-driven current reached its
maximum within 0.1 s (Fig. 4E), its intensity de-
pendence at any length of the light pulse above
0.1 s was identical to that shown in Fig. 4A. In
contrast, the rise of current generated by slow
ChloC was 65 times slower (Fig. 4E). Taking into
account the intensity dependence of the current
amplitude measured with light stimuli of differ-
ent duration (Fig. 4F), full suppression of spiking
by slow ChloC with 0.1-s stimuli would occur at
7 mW/mm2, whereas by GtACR2 it would be
reached at an intensity about three orders ofmag-
nitude lower.
The membrane potential, membrane resist-

ance, and rheobase in the dark were not affected
by GtACR2 expression in neurons, and the neu-
ronal morphology of GtACR2-expressing neurons
was also normal (fig. S7).
Phylogenetically and functionally, ACRs con-

stitute a distinct family of rhodopsins that are
fundamentally different from cation channel-
rhodopsins (CCRs). As natural anion channels,
ACRs provide hyperpolarizing optogenetic tools
optimized by evolution for extremely high light
sensitivity, absolute anion selectivity, and rapid
kinetics.
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NEURODEGENERATION

TDP-43 repression of nonconserved
cryptic exons is compromised
in ALS-FTD
Jonathan P. Ling,1 Olga Pletnikova,1 Juan C. Troncoso,1,2 Philip C. Wong1,3*

Cytoplasmic aggregation of TDP-43, accompanied by its nuclear clearance, is a key
common pathological hallmark of amyotrophic lateral sclerosis and frontotemporal
dementia (ALS-FTD). However, a limited understanding of this RNA-binding protein
(RBP) impedes the clarification of pathogenic mechanisms underlying TDP-43
proteinopathy. In contrast to RBPs that regulate splicing of conserved exons, we found
that TDP-43 repressed the splicing of nonconserved cryptic exons, maintaining intron
integrity. When TDP-43 was depleted from mouse embryonic stem cells, these cryptic
exons were spliced into messenger RNAs, often disrupting their translation and promoting
nonsense-mediated decay. Moreover, enforced repression of cryptic exons prevented
cell death in TDP-43–deficient cells. Furthermore, repression of cryptic exons was
impaired in ALS-FTD cases, suggesting that this splicing defect could potentially
underlie TDP-43 proteinopathy.

A
myotrophic lateral sclerosis (ALS), a fatal
adult-onset motor neuron disease charac-
terized by progressive loss of upper and
lower motor neurons, and frontotemporal
dementia (FTD), a common formof demen-

tia characterized by a gradual deterioration in
behavior, personality, and/or language, share a
common disease spectrum (1, 2). Transactivation
response element DNA-binding protein 43 (TDP-

43, TARDBP), is a heterogeneous nuclear ribo-
nucleoprotein (hnRNP) thought to provide the
neuropathological link to establish such a disease
spectrum (1, 3). In sporadic ALS (~97% of all
cases) and sporadic FTD(~45%of all cases), TDP-43
clears from the nucleus and forms ubiquitinated,
cytoplasmic inclusions, termed TDP-43 protein-
opathy (2). Missense mutations in TDP-43 are
also linked to familial ALS, strongly supporting
the idea that TDP-43 proteinopathy is central to
the pathogenesis of sporadic disease (4, 5). Nu-
merous genetic mutations associated with famil-
ial ALS-FTD—VCP,GRN,OPTN,ATXN2, SQSTM1,
UBQLN2, PFN1, TBK1, and especially C9ORF72—
result in TDP-43 proteinopathy, suggesting a con-
vergent mechanism of neurodegeneration (6–9).
Indeed, Tdp-43 is a tightly autoregulated (10),
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Materials and Methods 
Molecular biology 

DNA polynucleotides encoding 7TM domains of G. theta opsins (295, 291 and 288 
amino acid residues, corresponding to the JGI protein models 111593, 146828 and 
161302, respectively) optimized for human codon usage were synthesized (Genewiz, 
South Plainfield, NJ) and cloned into the mammalian expression vector pcDNA3.1 (Life 
Technologies, Grand Island, NY) in frame with an EYFP tag. The sequence information 
encoding the functional constructs 111593 (GtACR1) and 146828 (GtACR2) were 
deposited in GenBank (accession numbers KP171708 and KP171709, respectively). The 
polynucleotides encoding the slow Chloc mutant and SwiChRCT mutant were synthesized 
(Genewiz) according to (14) and (15), respectively. The gene encoding archaerhodopsin-
3 (Arch) was kindly provided by Dr. Edward S. Boyden (Massachusetts Institute of 
Technology, Boston, MA). 
 
HEK293 recording 

HEK293 (human embryonic kidney) cells were transfected using the ScreenFectA 
transfection reagent (Waco Chemicals USA, Richmond, VA). All-trans-retinal (Sigma) 
was added as a stock solution in ethanol at the final concentration of 5 µM. 
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 of 2-5 MΩ were fabricated from borosilicate glass. The composition of 
solutions is shown in table S1. A 4 M salt bridge was used in all experiments. All IE 
dependencies were corrected for liquid junction potentials calculated using the ClampEx 
built-in LJP calculator (table S1). Continuous light pulses were provided by a 
Polychrome IV light source (T.I.L.L. Photonics GMBH, Grafelfing, Germany) in 
combination 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 8.5 mW/mm2. All measurements were 
carried out at room temperature (25° C). In experiments aimed to test cation permeability 
Erev shifts were calculated by subtraction of the reference value measured at 150 mM 
NMG+ in the bath from the values measured at 150 mM Na+ (pH 5.4), 150 mM Na+ (pH 
7.4), 150 mM K+ (pH 7.4) or 75 mM Ca2+ (pH 7.4). The Cl- concentration in the bath was 
155.6 mM with all cations. In tests of anion permeability Erev shifts were calculated by 
subtraction of the reference value measured at 150 mM Asp- from the value measured at 
75 mM SO4

2- or 150 mM of F-, Br-, I- or NO3
-. The Na+ concentration in the bath was 150 

mM with all anions except F- (see table S1). 
Stationary noise analysis was performed as described in detail in (17). Briefly, 

current traces were recorded at -60 mV in the dark and during a 48-s light pulse of 
intensity eliciting a half-maximal response. Power spectral densities were calculated 
using pClamp software. The difference (light minus dark spectrum) was fit between 0.3 
Hz and 1 kHz with a single Lorentzian function using Origin 7 software (OriginLab 
Corporation, Northampton, MA) to determine the zero frequency asymptote and the 
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corner frequency. The unitary conductance was calculated from the parameters of this 
function and the amplitude of the whole-cell channel current, Eh and Erev. 
 
Fluorescence measurements 

EYFP fluorescence was measured 48-72 h after transfection using a Nikon Eclipse 
Ti-U microscope equipped with a CoolSnap HQ2 CCD camera (Photometrics, Tucson, 
AZ). An X-Cite 120Q light source (EXFO, Mississauga, Ontario) was used for excitation, 
and fluorescence was detected using a Nikon B-2E/C filter set. All images were taken 
with the same acquisition parameters and analyzed with the ImageJ1.42q software. 

 
Neuronal recording 

For neuronal expression the GtACR2-EYFP construct was transferred to the 
pFUGW lentivirus vector provided by Dr. Carlos Lois (MIT, Boston, MA). The lentivirus 
was produced by triple transfection of HEK293FT cells (Invitrogen) with the envelope 
plasmid pCMV-VSVG, the packaging plasmid pΔ8.9 (both from Dr. Lois) and the 
pFUGW-GtACR2-EYFP plasmid using Lipofectamine 2000 (Invitrogen). Hippocampi of 
E18 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 
company. Cells were cultured in NbActiv4 medium on poly-lysine coated coverslips and 
supplemented with 0.4 µM all-trans retinal (final concentration, in addition to retinyl 
acetate present in the medium). Patch-clamp measurements were carried out 10 to 19 
days after transfection. The same photoexcitation source and measuring setup was used 
as described above for HEK cells. Correction for liquid junction potentials (table S2) was 
made as described for HEK cells. Spiking was measured in the current clamp mode. The 
composition of solutions is shown in table S2. All measurements were carried out at 
room temperature (25° C). 

 
Analysis of neuronal morphology 
Cultured hippocampal neurons were fixed in 4% paraformaldehyde in PBS after 8 days in 
culture (expressing GtACR2 for 7 days), washed 1 time in PBS, permeabilized with 
solution A (1% goat serum and 0.3% Triton X-100 in PBS), blocked with 5% goat serum 
in PBS, and then simultaneously incubated with rabbit anti-GFP antibody (Abcam, 
1:1000) and mouse anti-SV2 antibody (Developmental Studies Hybridoma Bank, 
University of Iowa, 1:200) at 4°C overnight, treated with Alexa Fluor 488-conjugated 
goat anti-rabbit IgG and Alexa Fluor 568-conjugated goat anti-mouse IgG at room 
temperature for 30 minutes, washed with PBS, mounted with VectaShield mounting 
medium (Vector Laboratories, Burlingame, CA), and viewed under a laser scanning 
microscope (LSM 510 META, Carl Zeiss, Germany). Images were obtained with Zen lite 
software. Images of randomly selected neurons where used to quantify numbers of 
primary dendrites and synapse numbers. Primary dendrites where identified as 
originating from the soma and crossing a radius of 50 μm from the center of the soma. 
Synapse numbers where determined by analyzing SV2 stained images using ImageJ. 
Synaptic terminals where defined as spherical SV2 immunopositive particles of 0.06–
0.23 μm3 based on data from (26). Analysis was performed in a circle of 50 μm diameter 
around the center of the soma. 
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Fig. S1: Phylogenetic tree of G. theta protein models 
The models homologous to microbial rhodopsins were selected among those predicted by 
the Joint Genome Institute (JGI) sequencing project 
(http://genome.jgi.doe.gov/Guith1/Guith1.home.html) and aligned using ClustalW. The 
tree was constructed using the neighbor-joining method. GtR1, GtR2 and GtR3 are 
proteins identified previously. Eight models lack the conserved Lys residue in the seventh 
transmembrane helix that covalently links to retinal in known rhodopsins, and should 
therefore be considered opsin-related proteins. 
 
The models that show the highest homology to chlorophyte ChRs are highlighted. Out of 
five members in this cluster, the models 111593 and 141269 differ only in a 7 residue-
stretch in the middle of the sequence, and the models 161302 and 150677 differ only in 
the length of their C-termini. Therefore, we limited our analysis to the models 111593, 
146828 and 161302. In addition to 7TM domains, these G. theta proteins contain long 
(~150 amino acid residues) C-terminal domains, as is also typical of chlorophyte ChRs. 
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Fig. S2: ClustalW alignments of transmembrane helices 1 and 7 
Abbreviated organism names are: Gt, Guillardia theta; Cr, Chlamydomonas reinhardtii; 
Ca, Chlamydomonas augustae; Mv, Mesostigma viride. The last residue numbers are 
shown on the right. The residues corresponding to Ser-102 (63) (CrChR1/CrChR2 
numbering) in helix 1 and Asn-297 (258) in helix 7 that together with Glu-129 (90) form 
the central gate in the crystallized CrChR1/CrChR2 chimera (27) are conserved in the 
two functional G. theta ACRs (highlighted cyan). However, the residues that form the 
inner gate in the chimera, Tyr-109 (70), His-173 (134) and His-304 (265), are not 
conserved in the two functional ACRs (the Tyr and one of the His residues are 
highlighted blue above and the second His residue highlighted blue in Fig. 1C in the main 
text). 
 
A conspicuous feature of ACRs is a non-carboxylic amino acid residue in the position of 
the proton acceptor Asp85 in bacteriorhodopsin, where nearly all cation-selective ChRs 
contain a Glu residue (highlighted red in Fig. 1C in the main text). A non-ionizable 
residue at the corresponding position is also typical of chloride-pumping rhodopsins from 
haloarchaea and marine flavobacteria, where the residue forms part of the chloride 
binding site in the unphotolyzed state as shown for haloarchaeal halorhodopsin (28). 
 
The mechanism of anion conduction in ACRs appears to be different from that of the Cl--
conducting ChR mutants, as might be expected from their large difference in sequence. 
ACRs contain a Glu residue corresponding to Glu90 of the cation selectivity filter of 
CrChR2 (Fig. 1B in the main text) (22, 29). To confer Cl- permeability to this cation-
conducting channel, Glu90 required replacement with an uncharged (Ser (15)) or cationic 
(Lys or Arg (14)) residue. However, the presence of the Glu90 homolog in ACRs shows 
it is not a barrier to anion permeation in the anion channels unlike in the cation channels. 

Helix 1 
 
GtACR1    LITLDGIKYVQLVMAVVSACQVFFM50 
GtACR2    RIDSTFVSLLQLVWAVVSGCQTIFM46 
Gt161302  SNIDLGVRTFELCWGIMCACQAVFF43 
CrChR1    NAEKLAANILQWITFALSALCLMFY109 
CrChR2    NGAQTASNVLQWLAAGFSILLLMFY70 
CaChR1    SFEATFAHVCQWSIFAVCILSLLWY116 
MvChR1    GSLHDIVKAALYICMVISILQILFY89 
 
Helix 7 
 
GtACR1    ENTSSVLYLLGDALCKNTYGILLWATTWGLLNGKWDR 259 
GtACR2    ENVSAILYLLADGLCKNTYGVILWSTAWGVLEGKWDP 255 
Gt161302  ESVILVCFALADLLSKNVFGVLFWDTLWNLQDGKWSS 252 
CrChR1    QFNSAIAHAILDLASKNAWSMMGHFLRVKIHEHILLY 317 
CrChR2    VYGSTVGHTIIDLMSKNCWGLLGHYLRVLIHEHILIH 278 
CaChR1    PYADVIASSFGDLISKNMFGLLGHFLRVKIHEHILKH 324 
MvChR1    GTVSTLMHACSDLISKNLWGFMDWHLRVLVARHHRKL 296 
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Fig. S3: Photocurrents generated by GtACR1 (A) and GtACR2 (B) in HEK293 cells 
with low Cl- concentration in the pipette and high Cl- concentration in the bath 
The membrane potentials were changed in 20-mV steps from -80 mV at the amplifier 
output (bottom to top). 
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Fig. S4: Maximal photocurrents (black bars, left axis) and relative EYFP tag 
fluorescence (green bars, right axis) of hyperpolarizing optogenetic tools 
The data are mean values ± SEM (n = 10-20 cells) with fluorescence normalized to the 
values obtained for GtACR2.
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Fig. S5: Stationary analysis of current noise generated by ACRs and slow ChloC 
(A and B) Representative noise traces recorded in the dark and under illumination at the 
light intensity eliciting half-maximal currents from HEK293 cells transfected with 
GtACR1 (A) or slow ChloC (B). (C and D) Representative power spectra of the current 
noise recorded in the dark and under illumination for GtACR1 (C) and slow ChloC (D), 
as shown in A and B, respectively. The spectra were smoothed by adjacent averaging for 
presentation purposes. For slow ChloC, no difference was observed between the dark and 
light spectra, so its unitary conductance could not be determined. (E) The light minus 
dark difference spectrum for GtACR1 prior to smoothing (black line) and its computer 
approximation with a Lorentzian function (red line). Analysis of GtACR2-generated 
noise was carried out in a similar manner and is not shown. (F) The unitary conductance 
of ACRs calculated from the parameters of the Lorentzian fits in this study (mean values 
± SEM; n = 8-11) and of wild-type CrChR2 assayed under the same conditions from 
(17). 
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Fig. S6: GtACR2 function in cultured pyramidal neurons 
(A) Photocurrents generated by GtACR2 in cultured pyramidal neurons at low Cl- 

concentration in the pipette and high Cl- concentration in the bath. The membrane 
potentials were changed in 20-mV steps from -80 mV at the amplifier output (bottom to 
top). (B) Representative traces of spiking of a GtACR2-transfected neuron in response to 
a prolonged injection of a depolarizing current in the dark (left) and its silencing by a 
shorter illumination pulse (right). The injected current was 300 pA, the light intensity was 
0.026 mW/mm2. 
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Fig. S7: Expression of GtACR2 does not affect morphology and electrical 
parameters of cultured neurons 
(A) Representative images of GtACR2-expressing neurons (top row) demonstrate normal 
morphology when compared with control non-transfected neurons (bottom row). The 
neurons were infected with lentivirus one day after plating, fixed after 8 days in culture (7 
days after infection) and labeled with antibodies against GFP (to label tagged GtACR2, 
green) and SV2 (a synaptic marker, red). Scale bar 20 μm. (B) The number of primary 
dendrites per neuron at a 50 μm radius around the center of the soma. (C) The number of 
synapses per neuron in a 50 μm circle around the center of the soma (D) The resting 
potential of neurons. (E) The membrane resistance of neurons. (F) Rheobase of ramp-
evoked (1000 pA, 1 s) spiking in the dark. All data in panels (B-F) are mean values ± 
SEM (n = 5-7 cells). No statistically significant difference was detected between 
transfected and control non-transfected neurons (unpaired t test, two tailed). 
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Table S1: Composition of pipette and bath solutions and liquid junction potentials 
in experiments with HEK293 cells 
Abbreviations: Asp, aspartate; EGTA, ethylene glycol tetraacetic acid; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; LJP, liquid junction potential; NMG, N-
Methyl-D-glucamine. All concentrations are in mM. 
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Table S2: Composition of pipette and bath solutions and liquid junction potentials 
in experiments with neurons 
Abbreviations: HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; LJP, liquid 
junction potential; NMDG, N-Methyl-D-glucamine. All concentrations are in mM. 
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