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Fig. 2. Phylogenetic relationships of HulaCCR1 and the mgCCRI1-3 clade and their
geographical distribution.

a Position of the mgCCRI1-3 clade among the stramenopile (and other heterotrophic flagellate)
CCRs and BCCRs. The BCCR superclade was extracted from the ChR phylogeny in [28], numbers
below the branches indicate ultra-fast bootstrap support values >95. b Fine phylogenetic
relationships among the six subclades of the mgCCR1-3 clade. The tree is outgroup-rooted with
the outgroups not shown. Numbers below the branches connecting subclades indicate rapid
bootstrap support values >50. Numbers inside the triangles correspond to the number of the
metagenomic sequences placed on the tree (see Materials and Methods for details). Weblogos of
the TM3 motif are provided for the BCCR clades and subclades in a and b. ¢ Distribution of the
four freshwater and two marine subclades of the mgCCRI1-3 clade based on environmental
assemblies in JGI/IMG and Lake Hula. The pie charts show presence/absence of the corresponding

four (freshwater locations) or two (marine locations) subclades. For the list of the datasets see Fig.

S2.
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Fig. 3. Characterization of HulaCCR1

a Difference UV—visible absorption spectra between before and after the hydroxylamine bleach of
the HulaCCR1 showing the Amax at 545 nm. The difference spectra were measured upon the
hydrolysis reaction of the retinal Schiff-base linkage induced by hydroxylamine with visible light
illumination (0, 1, or 2 min). b Fluorescence image of ND7/23 cell expressing HulaCCR1 which
is C-terminally labeled with EYFP (Scale bar: 20 um). ¢ Photocurrents of HulaCCR1 at 142 mM
[Na*Jout and 128 mM [K'in at pH = 7.4 (left) and at 146 mM [NMG*]out and 130 mM [NMG]ix at

pH = 7.4 (right).
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Fig. 4. Ion selectivity of HulaCCR1

a Representative photocurrent traces of HulaCCR1 at 146 mM [X " ]out and 130 mM [NMG i (top),
and at 70 mM [Mg?Jout /72.5 mM [Ca?Jout /146 mM [NMG Jout and 130 mM [NMG*]in (bottom).
b The I~V plot of HulaCCR1 photocurrents with different extracellular cations (mean + S.E., n =

6). ¢ Difference in Erev between different cations and H" (AErv) (left) and relative permeability of
21
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428  different cations against H" (Px+/Pu+) (right) (mean + S.E., n = 6).
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Fig. 5. Effect of point mutations
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a AlphaFold2 predicted structural model for HulaCCR1 showing the mutated residues. The retinal

structure (orange) and the side chain of conjugated lysine are of HcKCR1 (PDB ID: 8H86). b

Normalized action spectra of the HulaCCR1 WT and E176D (mean + S.E., n = 5). ¢ Photocurrent

traces of the WT and E176D upon nanosecond laser flash excitation at holding potentials of 40 mV

(positive) and —60 mV (negative). Photocurrents were recorded at 133 mM [Na*Jou and 120 mM

[Na']in at pH = 7.4. Fitting curves are shown by broken lines. d Time constants of channel opening

and closing of the WT HulaCCR1 and E176D (mean + S.E., n = 9). e Photocurrent traces of the

HulaCCR1 WT, C181A, and C181S upon nanosecond laser flash excitation recorded with standard

pipette and extracellular solutions. f Light-power dependency of the photocurrent of HulaCCR1
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441  WT, C303A, and ChRmine at —40 mV with standard pipette and extracellular solutions (mean =+

442 SE.,n=5).
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444 Fig. 6. The long N/C-terminal extensions of HulaCCR1

445 a Truncated sites shown in the AlphaFold2 predicted structural model of HulaCCRI. b
446  Fluorescence images of truncated variants expressed in ND7/23 cells. Scale bars: 20 um. ¢
447  Representative photocurrent traces of truncated variants recorded with standard pipette and

448  extracellular solutions.
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Fig. 7. Light stimulation of hippocampal neurons expressing HulaCCR1

a Fluorescence images of the cell body (top) and the axon (bottom) of a hippocampal neuron
expressing HulaCCR1. b Voltage traces showing depolarization and spikes of the neuron in
response to 200 ms green (542 nm) light stimulation (left) and to 10 Hz stimulation with 5 ms

pulses (right).
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Materials and Methods

Sampling, RNA extraction, and metatranscriptome assembly

Peat lake sampling was performed on February 23" 2021 in The Hula Nature Reserve, Israel
(33°04'33.8"N 35°36'40.8"E). 20 L of water from the surface and 0.5 m depth was filtered through
a 50 um mesh net to remove large particles, filtered onto a GF/D filter (Whatman), and flash-frozen
using liquid nitrogen on-site.

Total RNA was extracted from frozen filters, corresponding to ~5 L per sample (RNeasy
PowerSoil Total RNA Kit; Qiagen). The RNA was tested with Bioanalyzer, and PolyA-selected
libraries were constructed and sequenced at the Weizmann Institute of Science, on the NovaSeq
platform (300 cycles, PE).

De-Novo assembly was done post trimming (Trimgalore; v. 0.6.6)[52], Cutadapt v. 3.4 [53]
with MEGAHIT (v. 1.2.9) [54] and then clustered to reduce redundancy with cd-hit-est v. 4.8.1
[55]. An initial rhodopsin screening was done with HMMsearch (v. 3.3.2) [56] with the microbial

rhodopsin profiles from https://github.com/BejalLab/RhodopsinProfiles.

Bioinformatic analyses

mgCCR1, mgCCR2, mgCCR3, HulaCCR1, and other members of the mgCCR1-3 clade from the
Hula lake were used to search for additional datasets from JGI Integrated Microbial Genomes and
Microbiomes (IMG) [57] containing members of the clade. An initial search for such datasets was
performed using two strategies: a large collection of proteins assigned in IMG to PFAM family
pf01036 from a broad set of environmental assemblies was searched using blastp from NCBI blast
package v. 2.12.0+ [58] and a narrower collection of entire aquatic eukaryotic metatranscriptome
assemblies was searched directly using tblastn. For the matching assembled and unrestricted

datasets, as well as the lake Hula assembly, the entire assemblies were searched against a database
27
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of rhodopsin domains of BCCRs and curated representatives of the mgCCR1-3 clade using blastx
with an e-value threshold of 1e-5. The contigs were assigned to the mgCCR1-3 clade if they had
best hits to one of the mgCCR1-3 clade representatives with at least 25 amino acid alignment length
and a minimal identity of 65%. ORFs in the matching transcript fragments and exons in the
genomic fragments were predicted manually based on multiple sequence alignment for each
subclade. To resolve phylogenetic relationships between the ChRs of the mgCCRI1-3 clade, the
most complete representative sequences were chosen and combined with other members of the
stramenopile CCR family. The protein sequences were aligned with mafft v. 7.526 [59] and
trimmed to include the region between the transmembrane helices 1-7 (A—G) using the structure
of HcKCR1 (PDB: 8H86) [41] as a template. Maximum likelihood phylogeny was reconstructed
with RAXML v. 8.2.13 [60] under the PROTCATLG model and with 1000 fast bootstrap replicates.
The rest of the environmental sequences were placed on the resulting tree using pplacer v.
1.1.alphal9 [61] by adding them to the alignment with mafft. The phylogenetic placements were
resolved with gappa v. 0.8.0 [62].

Analysis of retrotransposons associated with the ChR-possessing genomes was performed
as follows. Regions upstream and downstream of the start and stop codons of the genes from the
four freshwater ChR subclades were extracted and sufficiently long sequences (>150 nt) were
clustered with CD-HIT v. 4.8.1 [63] at 90% identity level and used as a database to search for
related matches in the same environmental assemblies with blastn. Contigs matching the regions
flanking the rhodopsin genes with E value < le-12 were extracted and searched for
(retro)transposons using TransposonPSI v. 1.0.0 (https://transposonpsi.sourceforge.net/) with an E
value threshold of 1e-10. Related retrotransposons were searched for using the resulting protein
sequences of the pol genes using blastp in three eukaryotic databases: EukProt v. 3 [64], Tara

Oceans Single-Cell and Metagenome Assembled Genomes (SMAGs) [65] and single-cell
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assembled genomes from bioproject PRINA379597 [24]. Matches passing the empirical bitscore
threshold of 250 were clustered with cd-hit at 62% identity level, combined with non-redundant
query pol genes (clustered at 95% protein identity level), aligned with mafft (automatic mode
selection) and trimmed with trimAl v. 1.4.1 (-automated1 method) [66]. Trimmed sequences longer
than 200 amino acids were taken to phylogenetic reconstruction with RAXML under the
PROTCATLG model, with 1000 fast bootstrap replicates. The shorter sequences were placed on
the resulting tree with pplacer.

For the analysis of the eukaryotic community composition, SSU rRNA fragments were
extracted from the assemblies using metaxa v. 2.2.3. Taxonomy was assigned to the resulting
sequences using sintax from usearch v. 11.0.667 [67] with Protist Ribosomal Reference (PR?)
database v. 5.0.0 [68], with the default cut-off 0.8. Only matches to Eukaryota excluding animals
were considered. For SSU rRNA phylogenetic tree of the kathablepharids, non-chimeric
kathablepharid sequences and sequences from chosen outgroups longer than 1400 nt were extracted
from PR?, clustered at 99% identity level with cd-hit and combined with SSU sequences from the
deep-sea kathablepharid SAGs and one of the complete kathablepharid SSU sequences from the
assemblies containing mgCCR1-3 genes. The phylogenetic analysis was performed by aligning the
sequences with mafft, trimming the alignment with trimAl (-automatedl method) and
reconstructing the phylogeny using RAXML under the GTRCAT model, with 1000 fast bootstrap
replicates.

The snakemake workflow implemented for the bioinformatic analyses is available at

https://github.com/Bejalab/hulaccr.

DNA constructs
Coding sequence (Table S1) of full-length HulaCCR1 and ChRmine were cloned into pCMV3.0-

enhanced fluorescent yellow protein (EYFP) vector between EcoRI and BamHI sites with a Kir2.1
29
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membrane trafficking signal, EYFP, and an ER-export signal [69] fused at the C-terminus of
HulaCCRI1. For point mutations, the QuikChange site-directed mutagenesis method (Agilent
Technologies, CA) was employed according to a manufacturer standard protocol. The truncated
mutants were PCR-based cloned using EcoRI-BamHI restriction sites into the pCMV3.0-EYFP

vector. Primers used in DNA work are listed in Table S2.

UV-visible spectroscopy

Cell culture and transfection for UV—visible spectroscopy were conducted as described elsewhere
[70]. Briefly, COS-1 cells (cell number: JCRB9082; Japanese Collection of Research Bioresources
Cell Bank, Osaka, Japan) were transfected by the polyethyleneimine method [71]. Cells were
supplemented with 2.5 uM all-trans-retinal (ATR) on the following day and harvested after 48 h
of transfection. The cell membranes were solubilized with a phosphate buffer (pH 7.0) containing
(in mM) 66.5 phosphate, 133 NaCl with 3% n-dodecyl-pf-D-maltoside. After centrifugation (21,600
x g 20°C, 5 min), the supernatant was subjected for the measurement of UV—visible absorption
spectra using a spectrophotometer (V-730, JASCO, Japan). Rhodopsin was bleached by
hydroxylamine (50 mM) and illumination with visible light from a 1-kW Xe lamp (MAX-303,
Asahi Spectra, Japan) through a long-pass filter (Y52, AGC Techno Glass, Japan). Difference
spectra were calculated by subtracting post-illumination spectra from the pre-illumination spectrum.
To correct for spectral changes derived from non-rhodopsin components in the sample, the
corresponding spectra of untransfected cell membranes that underwent the same treatment as the

sample were subtracted from the sample spectra.

Cell culture and transfection for electrophysiology
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ND7/23 cells were grown in Dulbecco’s modified Eagle’s medium (D-MEM, FUJIFILM Wako
Pure Chemical Co., Japan) supplemented with 5% fetal bovine serum (FBS) under a 5% CO:2
atmosphere at 37°C. ND7/23 cells were attached onto a collagen-coated 12-mm coverslips (IWAKI,
cat. 4912-010, Japan) placing in a 4-well cell culture plate (SPL Life Sciences, cat. 30004, Korea).
The expression plasmids were transiently transfected in ND7/23 cells using Lipofectamine 3000
transfection reagent (Thermo Fisher Scientific Inc., MA). Seven to eight hours after the transfection,
the medium was replaced with D-MEM containing 10% horse serum (New Zealand origin, Thermo
Fisher Scientific Inc., MA), 50 ng mL ™! nerve growth factor-7S (Sigma-Aldrich, MO), 1 mM N°,2'-
O-dibutyryladenosine-3',5'-cyclic monophosphate sodium salt (Nacalai tesque, Japan), 1 uM
cytosine-1-B-D(+)-arabinofuranoside (FUJIFILM Wako Pure Chemical Co., Japan), and 2.5 uM
all-trans-retinal. Electrophysiological recordings were conducted at 1-3 days after the transfection.
The transfected cells were identified by observing the EYFP fluorescence under an up-right
microscope (BXS0WI, Olympus, Japan).

Hippocampi were isolated from postnatal day 1 (P1) Wistar-ST rats (by Sankyo Labo
Service Co., Japan) and treated with papain dissociation system (Worthington Biochemical Co.,
NJ) according to the company protocol. Briefly, dissected hippocampi were treated with papain for
1 h at 37°C. The dissociated cells were washed with Earle’s Balanced Salt Solution (EBSS)
supplemented with ovomucoid protease inhibitor with bovine serum albumin. The dissociated cells
were resuspended in culture medium (Neurobasal A containing 2% B-27 plus (Thermo Fisher
Scientific Inc., MA)). Approximately 150,000 cells were plated on 12-mm poly-L-lysine-coated
glass coverslips (IWAKI, cat. 4912-040, Japan) in the 4-well cell culture plate. Transfection was
done by adeno-associated virus (AAV), and the plasmid and virus packaging were synthesized by
Vectorbuilder Inc. The plasmid pAAV vector has a CaMKIIa promotor containing the sequence of

HulaCCR1, C-terminally fused to the Kir2.1 membrane trafficking signal followed by EYFP and
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the ER export signal. For transfection, AAV8 was added to each well (4-8 x 10% genome copies
well™!) 7 days after plating. The electrophysiological recordings were performed 15-22 days after

transfection.

Electrophysiology
All experiments were carried out at room temperature (20-22°C). Currents were recorded using an
EPC-8 amplifier (HEKA Electronic, Germany) under a whole-cell patch clamp configuration. The
data were filtered at 1 kHz, sampled at 50 kHz (Digidatal440 A/D, Molecular Devices Co., CA)
and stored in a computer (pClamp11.1, Molecular Devices). The standard internal pipette solutions
for the whole-cell voltage clamp recordings from the ND7/23 cells contained (in mM) 119 KF, 10
KOH, 5 Na2EGTA, 14 HEPES, 0.0025 ATR (pH 7.4 adjusted with HCI). The standard extracellular
solution contained (in mM): 138 NaCl, 3 KClI, 2.5 CaClz, 1 MgClz, 10 HEPES, 4 NaOH, and 11
glucose (pH 7.4 adjusted with HCI). In the ion selectivity measurement, extracellular solution
contained (in mM) 146 XCl (X = Na', K", Li*, Rb", Cs"), 6 N methyl-D-glucamine (NMG), 2.5
CaClz, 10 HEPES, 11 glucose (pH 7.4 adjusted with HCI). For the divalent cation selectivity,
extracellular solution contained (in mM) 70 XCl2 (X = Ca?’, Mg?"), 6 NMG, 2.5 CaClz, 10 HEPES,
11 glucose (pH 7.4 adjusted with HC1). The NMG-extracellular solution contained (mM) 146 NMG,
146 HCI, 2.5 CaClz, 10 HEPES, and 11 glucose (pH 7.4 adjusted with NMG). The NMG-pipette
solution contained (in mM) 130 NMG, 90 glutamate, 6 (NMG)2EGTA, 50 HEPES, 2.5 MgS0Os4, 2.5
MgATP, 0.0025 ATR (pH 7.4 adjusted with H2SO4). The liquid junction potentials (LJPs) were
calculated by pClamp 11.1 software (Table. S3) and estimated reversal potentials were
compensated by calculated LJPs.

For whole-cell voltage clamp, illumination at 377 &+ 25, 438 + 12,472 £ 15, 510 £ 5, 542

+ 13,575+ 12 or 643 = 10 nm was carried out using a SpectraX light engine (Lumencor Inc., OR)
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controlled by pClamp 11.1 software. HulaCCR1 was illuminated through an objective lens
(LUMPIlan FL 40x, NA 0.80W, Olympus, Japan). For the standard photocurrent detection, the
power of the 542-nm light was directly measured under a microscope using a visible light-sensing
thermopile (MIR178 101Q, SSC Co., Ltd., Japan) and was adjusted to 13.3 mW mm 2. The action
spectrum was measured at a holding potential of —40 mV at wavelengths with equivalent power
density of 0.8 mW mm 2. Each action spectrum was estimated by the maximal amplitude of the
photocurrent scaled by the light power density under the assumption of a linear relationship
between the photocurrent intensity and the light power density.

For Laser-flash patch clamp experiment, a laser flash (3—5 ns) at 532 nm (Nd:YAG laser,
Minilite II, Continuum, CA) was used [44]. For measuring the KIE on the gating dynamics, the
internal pipette solutions were made of H20O or D20 solutions containing (in mM) 60 Na2SOs, 25
NMG, 60 mannitol, 5 EGTA, 10 HEPES, 2.5 MgSOs4, 2.5 MgATP, and 0.0025 ATR adjusting pH
to 7.4 with HCI or DCI, respectively. The extracellular solutions were made of H.O or D20
solutions containing (in mM) 133 NaCl, 3 KCI, 5 NMG, 10 HEPES, 5 CaCOs (solved by HCI or
DCl solutions), 2.5 MgSOs4 and 11 glucose, adjusting pH to 7.4 with HCI1 or DCI, respectively. The
pipette resistance was adjusted to 3—5 MQ with a series resistance of 7-19 MQ (WT; 12+ 1,n=9
for H2O; 16 £ 1, n =9 for D20, E176D; 9 + 1, n =9 for H20, E322Q; 10+ 1, n =9 for H20; 15 +
1, n =9 for D20) and a cell capacitance of 30-90 pF (WT; 63 =+ 4, n =9 for H20; 58 £ 3, n =9 for
D20, E176D; 50 £2, n =9 for H20, E322Q; 43 £ 3, n =9 for H20; 44 £ 2, n =9 for D20). In every
experiment, the series resistance was compensated for by 70%. Obtained signals had electrical
noise from the laser system. Therefore, the noise signal recorded without light excitation was
subtracted from raw photocurrent traces.

For whole-cell recordings in cultured hippocampal neurons, patch pipettes were filled with

(in mM) 90 potassium gluconate, 30 KOH, 49 HEPES, 2.5 MgClz, 2.5 MgATP, 5 Na2EGTA, and
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625  0.0025 ATR, titrated to pH 7.4. The extracellular solution contained (in mM) 138 NaCl, 3 KCl, 2.5

626  CaClz, 1 MgCla, 11 glucose, and 10 HEPES, 2 kynurenic acid, titrated to pH 7.4.
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