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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 (GtACRI1) and 146828 (GtACR2) were
deposited in GenBank (accession numbers KP171708 and KP171709, respectively). The
polynucleotides encoding the slow Chloc mutant and SwiChR¢r mutant were synthesized
(Genewiz) according to (/4) and (/5), respectively. The gene encoding archaerhodopsin-
3 (Arch) was kindly provided by Dr. Edward S. Boyden (Massachusetts Institute of
Technology, Boston, MA).

HEK?293 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 pM.
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 MQ 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 /E
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/mm?®. All measurements were
carried out at room temperature (25° C). In experiments aimed to test cation permeability
E,., 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 Ca*" (pH 7.4). The CI” concentration in the bath was
155.6 mM with all cations. In tests of anion permeability E,., shifts were calculated by
subtraction of the reference value measured at 150 mM Asp” from the value measured at
75 mM SO42' or 150 mM of F', Br’, I or NO5". 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 (/7). 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




corner frequency. The unitary conductance was calculated from the parameters of this
function and the amplitude of the whole-cell channel current, £, and E,.,.

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 pA8.9 (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 uM 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 lowa, 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 um 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 um’ based on data from (26). Analysis was performed in a circle of 50 pm 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 GfR3 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.



Helix 1

GtACR1 LITLDGIK SACQ)'/FlaM50

GtACR2 RIDSTFVSL LuW SGCQTii3M4 6

Gt161302 SNIDLGVRTFELCWGIHCACQ 43

CrChR1 NAEKLAANTI SALC 109
CrChR2 NGAQTAS GFSILL 70

CaChR1 SFEATFAHVCQWSIFAVCILS 116
MvChR1 GSLHDIVKAALY[ICMVIISILO 89

Helix 7

GtACR1 ENTES\YLYLI?GhAINC

TYGILLWATTWGELNGKWDR 259
GtACR2 E LYL ‘DE CENTM ' MLWSTAWGLEGKWDP 255
Gt161302 ESVILYCFA/ANHIRNVIFE A FWDTLWNPODGKWSS 252
CrChR1 QFNEAMAHA /KN FLRVKMHEHILLY 317
CrChR2 VYGH CLE MG YLRVLMHEHILIH 278
CaChR1 PYAD 13eiMGEFLRVKMHEHILKH 324
MvChR1 GTVE L/ FYDWHLRVLIARHHRKL 296

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 CI'-
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 (/5)) 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.
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Fig. S3: Photocurrents generated by GtACR1 (A) and GtACR2 (B) in HEK293 cells
with low CI concentration in the pipette and high CI" 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. SS: 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
GtACRI1 (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 GtACRI1 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 CI’
concentration in the pipette and high CI” 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/mm”.
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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 um. (B) The number of primary
dendrites per neuron at a 50 um radius around the center of the soma. (C) The number of
synapses per neuron in a 50 um 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 ¢ 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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