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ABSTRACT 23 

Cation and anion channelrhodopsins (CCRs and ACRs, respectively) primarily from two algal 24 

species, Chlamydomonas reinhardtii and Guillardia theta, have become widely used as 25 

optogenetic tools to control cell membrane potential with light. We mined algal and other 26 

protist polynucleotide sequencing projects and metagenomic samples to identify 75 27 

channelrhodopsin homologs from three channelrhodopsin families, including one revealed in 28 

dinoflagellates in this study. We carried out electrophysiological analysis of 33 natural 29 

channelrhodopsin variants from different phylogenetic lineages and 10 metagenomic homologs 30 

in search of sequence determinants of ion selectivity, photocurrent desensitization, and 31 

spectral tuning in channelrhodopsins. Our results show that association of a reduced number of 32 

glutamates near the conductance path with anion selectivity depends on a wider protein 33 

context, because prasinophyte homologs with the identical glutamate pattern as in cryptophyte 34 

ACRs are cation-selective. Desensitization is also broadly context-dependent, as in one branch 35 

of stramenopile ACRs and their metagenomic homologs its extent roughly correlates with 36 

phylogenetic relationship of their sequences. Regarding spectral tuning, two prasinophyte CCRs 37 

exhibit red-shifted spectra to 585 nm, although their retinal-binding pockets do not match 38 

those of previously known similarly red-shifted channelrhodopsins. In cryptophyte ACRs we 39 

identified three specific residue positions in the retinal-binding pocket that define the 40 

wavelength of their spectral maxima. Lastly, we found that dinoflagellate rhodopsins with a TCP 41 

motif in the third transmembrane helix and a metagenomic homolog exhibit channel activity. 42 

IMPORTANCE 43 

Channelrhodopsins are widely used in neuroscience and cardiology as research tools and are 44 

considered as prospective therapeutics, but their natural diversity and mechanisms remain 45 

poorly characterized. Genomic and metagenomic sequencing projects are producing an ever-46 

increasing wealth of data, whereas biophysical characterization of the encoded proteins lags 47 

behind. In this study we used manual and automated patch clamp recording of representative 48 

members of four channelrhodopsin families including a family that we report in this study in 49 

dinoflagellates. Our results contribute to a better understanding of molecular determinants of 50 

ionic selectivity, photocurrent desensitization, and spectral tuning in channelrhodopsins. 51 

INTRODUCTION 52 

Channelrhodopsins (ChRs) are light-gated ion channels initially discovered in chlorophyte algae, 53 

in which they serve as photoreceptors guiding phototactic orientation (1-3). Subsequently, ChRs 54 

have also been found in the genomes/transcriptomes of cryptophyte and haptophyte algae (4, 55 

5), the heterotrophic protists known as Labyrinthulea (5) and giant viruses that infect marine 56 

microorganisms (6, 7). Ongoing polynucleotide sequencing projects provide a rich hunting 57 

ground for further exploration of ChR diversity and taxonomic distribution. 58 
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Functionally, ChRs are divided into cation and anion channelrhodopsins (CCRs and ACRs, 59 

respectively) (8). Both ChR classes serve for photocontrol of excitable cells, such as neurons and 60 

cardiomyocytes, via a biotechnique known as optogenetics (9, 10). However, structural 61 

determinants for cation and anion selectivity in ChRs remain poorly understood. X-ray crystal 62 

structures (11-15) indicate that the ion conductance path in algal ChRs is formed by 63 

transmembrane helices (TM) 1, 2, 3 and 7. All so far known ACRs contain a non-carboxylate 64 

residue in the position of the protonated Schiff base counterion in bacteriorhodopsin (Asp85), 65 

whereas in nearly all CCRs this carboxylate is conserved. However, this sequence feature cannot 66 

be regarded as a sole indicator of anion selectivity, because some chlorophyte CCRs also show a 67 

non-carboxylate residue in the counterion position (e.g. DsChR1 from Dunaliella salina (16)). 68 

Most chlorophyte CCRs contain five Glu residues in TM2 and the TM2-TM3 loop (Glu82, Glu83, 69 

Glu90, Glu97, and Glu101 in ChR2 from Chlamydomonas reinhardtii, CrChR2), whereas in all so 70 

far known ACRs most or even all of the corresponding positions are occupied with non-71 

carboxylate residues. Therefore, it has been proposed that negative electrostatic potential of 72 

the channel pore defines cation selectivity (17, 18). Indeed, mutagenetic remodeling of the 73 

pore to reduce electronegativity yielded permeability for anions in chlorophyte CCRs (17-21). 74 

Yet, some of the TM2 glutamates are conserved in ACRs and apparently do not interfere with 75 

their anion conductance. 76 

Other biophysical properties of ChRs relevant for optogenetic applications are their 77 

desensitization under continuous or pulsed illumination (also called “inactivation” in the 78 

literature) and spectral sensitivity. In an earlier study, a group of ACRs discovered in the TARA 79 

marine transcriptomes demonstrated particularly rapid and strong desensitization (22). As their 80 

source organisms were not known, these proteins were named MerMAIDs (Metagenomically 81 

discovered, Marine, Anion-conducting and Intensely Desensitizing channelrhodopsins). 82 

However, strong desensitization cannot serve as a characteristic of a single ChR family, because 83 

it was also observed in some “bacteriorhodopsin-like” CCRs (BCCRs) from cryptophytes that 84 

show very little sequence homology with MerMAIDs (23).  85 

To gain more insight into the taxonomic distribution and structure-function relationships of 86 

ChRs, we identified 75 ChR homologs from several phylogenetic lineages and metagenomic 87 

samples, and tested 27 of them along with 16 previously reported sequences by heterologous 88 

expression in cultured mammalian cells followed by patch clamp recording. We show that the 89 

same pattern of conserved Glu residues may accompany cation or anion conductance in ChRs 90 

from different taxa, and that the degree of desensitization in MerMAID homologs is the greater, 91 

the closer their sequences are to those of the first reported MerMAIDs. We report two 92 

prasinophyte CCRs with red-shifted spectra and confirm that three specific residues in the 93 

retinal-binding pocket are responsible for wavelength regulation in cryptophyte ACRs. Finally, 94 

we demonstrate that some dinoflagellate rhodopsins possess channel activity. 95 
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RESULTS 96 

Prasinophyte CCRs 97 

Only a few of >150 so far identified chlorophyte ChRs (Fig. 1, and Data Sets S1 and S2) have 98 

been tested by heterologous expression. Both C. reinhardtii ChRs conduct cations (2, 3), so 99 

other chlorophyte ChRs were also assumed to be CCRs. However, a recent study has 100 

demonstrated that two ChRs from the prasinophyte genus Pyramimonas in fact conduct anions 101 

(6), which called for a more detailed functional analysis of chlorophyte ChRs. 102 

Three ChR homologs derived from the prasinophytes Crustomastix stigmatica, Mantoniella 103 

squamata and Pyramimonas melkonianii (6) exhibit a residue pattern typical of cryptophyte 104 

ACRs, i.e. they display conserved Glu82 and Glu90 with non-carboxylate residues in the 105 

positions of Glu83, Glu97, Glu101 and Glu123 of CrChR2 (Fig. 2A). In a Cymbomonas 106 

tetramitiformis sequence (6), Glu90 and Glu97 are conserved, whereas Glu82 is replaced with 107 

Gln (Fig. 2A). We synthesized mammalian codon-adapted versions of these rhodopsin domains, 108 

fused them with C-terminal enhanced yellow fluorescent protein (EYFP), expressed in HEK293 109 

(human embryonic kidney) cells and analyzed by manual whole-cell patch clamp. 110 

Three of these ChRs generated photocurrents (Fig. 2B and C) in our standard buffer system (for 111 

solution compositions see Table S1), whereas the homolog from P. melkonianii that we named 112 

PymeChR was non-electrogenic. The action spectra of photocurrents generated by the M. 113 

squamata and C. stigmatica homologs were red-shifted (the rhodopsin maxima at ~580 and 114 

585 nm, respectively; Fig. 2D). Their retinal-binding pockets are nearly identical, but differ from 115 

those of previously known red-shifted ChRs (Fig. S1A). Both spectra exhibited a second band at 116 

~520 nm that reflected a Förster resonance energy transfer (FRET) from EYFP to rhodopsin, as 117 

was earlier shown in RubyACRs from Labyrinthulea (5). The efficiency of FRET was even greater 118 

in the homolog from C. stigmatica, the rhodopsin peak of which was observed in the green 119 

spectral region and could not be accurately resolved because of the FRET contribution (Fig. 2D, 120 

olive line).  121 

To test the relative permeability of the prasinophyte homologs for H
+
, Na

+
 and Cl

-
 we varied the 122 

concentration of each of these ions in the bath (for solution compositions see Table S1), 123 

measured the current-voltage relationships and determined the reversal potentials (Erev). 124 

CrChR2 was included in this experiment for comparison. Fig. 2E shows that under all tested 125 

conditions Erev for all three homologs was close to the equilibrium potential of H
+
, indicating 126 

that they are H
+
-selective channels with negligible permeability for Na

+
 and Cl

-
. We named them 127 

CtCCR, MsCCR, and CsCCR. A less positive Erev of MsCCR photocurrents probed under the H
+
 128 

gradient does not result from the permeability for Na
+
 as it does in CrChR2, and most likely 129 

reflects a contribution of intramolecular charge transfers, as previously found in other CCRs 130 

(24). 131 

Four sequences from Chlorophyceae have only the Glu82 homolog, as do prasynophyte ACRs 132 

(Fig. S1B), but show no close sequence homology to them. Four sequences from 133 
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Chlorodendrophyceae contain no glutamate residues in any of the six analyzed positions (Fig. 134 

S1D) and form a separate branch on the phylogenetic tree (Fig. 1). Very unusually, in the latter 135 

sequence group the Asp residue corresponding to Asp212 of bacteriorhodopsin is located not 136 

four residues upstream, as in most known microbial rhodopsins, but three residues upstream of 137 

the Schiff base lysine (Fig. S1E). None of these eight proteins, nor a ChR homolog from the 138 

streptophyte Coleochaete generated channel currents (see Supplemental Text and Fig. S1C for 139 

details). 140 

Stramenopile ACRs and their metagenomic homologs 141 

The first MerMAIDs reported were seven homologous ACRs identified in metagenomic samples 142 

(22). Recently, close homologs were found in unclassified stramenopile species (5, 25), which 143 

suggests that the original MerMAIDs also originate from stramenopiles. We have identified 20 144 

additional MerMAID homologs, nine haptophyte ACR homologs and two Labyrinthulea ACR 145 

homologs (Data Set S1) in metagenomic databases (Data Set S4). We tested EYFP fusions of five 146 

metagenomic MerMAID homologs (abbreviated by the lower case “mg” in the protein name), 147 

two closely related sequences from the unclassified stramenopile strain TOSAG23-3 148 

(abbreviated by “sT” (5)), and three sequences from the bicosoecid stramenopile Cafeteria 149 

roenbergensis (abbreviated by “Car” to distinguish them from C. reinhardtii ChRs). In most 150 

sequences of this group both Glu82 and Glu90 (CrChR2 numbering) are conserved, as in the 151 

previously known cryptophyte ACRs and MerMAIDs (Fig. 3A). The five tested MerMAID 152 

homologs and those from TOSAG23-3 clustered together with the first reported MerMAIDs (Fig. 153 

S2), whereas Cafeteria homologs formed a separate branch related to haptophyte ACRs (Fig. 1). 154 

Each of these homologs generated photocurrents in HEK293 cells (Fig. 3B). As shown below, 155 

these ChRs conduct anions, so we designated them ACRs. 156 

Out of all tested homologs, sTACR2 is the most closely related to the first reported MerMAIDs, 157 

which exhibit nearly complete desensitization (Fig. S2). Similarly, sTACR2 photocurrents showed 158 

nearly complete desensitization (Fig. 3C, cyan), whereas photocurrents from sTACR1, the most 159 

distant homolog (Fig. S2), exhibited only ~40% desensitization (Fig. 3C, dark yellow). The values 160 

for other homologs were intermediate (Fig. 3C). All ChRs of this group demonstrated exclusively 161 

anion permeability (Fig. 3D). The action spectra of their photocurrents are shown in Fig. 3E and 162 

F. The shape of some spectra (e.g. mgACR2 and mgACR5) indicated a contribution of FRET from 163 

EYFP. 164 

Cryptophyte ACRs 165 

Cryptophytes are the taxon in which the first natural ACRs were discovered (4). To explore the 166 

diversity of cryptophyte ACRs further, we have analyzed transcriptomes of 20 additional 167 

cryptophyte strains (Table S2) and identified 15 transcripts homologous to previously known 168 

cryptophyte ACRs (Data Set S1). As no species names have been assigned to their source 169 

organisms, we used the numbers 3-8 in the abbreviated protein names to designate different 170 

Rhodomonas strains (the numbers 1 and 2 have already been assigned to the previously 171 
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analyzed strains). The Glu82 homologs is conserved in all, and the Glu90 homolog, in most of 172 

these proteins, whereas all other analyzed positions are occupied with non-carboxylate 173 

residues (Fig. 4A). Thirteen homologs generated photocurrents upon expression in HEK293 cells 174 

(Fig. 4B and C). 175 

To verify permeability for anions in the three cryptophyte ACR homologs that were well-176 

expressed and generated photocurrents in the nA range by manual patch clamp (Fig. 4B), we 177 

used a high-throughput automated patch clamp (APC) instrument, SyncroPatch 384i, with 178 

solutions provided by the manufacturer (for their full compositions see Table S1). The internal 179 

solution was predominantly CsF to promote formation of gigaseals, and the external solution 180 

was predominantly NaCl. Representative series of photocurrent traces recorded from R3ACR1 181 

under incremental voltage using the SyncroPatch 384i and AxoPatch 200B with  the same 182 

solutions are shown in Figs. 4D and E. GtACR1 and CrChR2, well-characterized by manual patch 183 

clamp, were included in the SyncroPatch experiment as ACR and CCR controls, respectively. 184 

With the SyncroPatch solutions, the Erev of GtACR1 photocurrents was negative, whereas that 185 

of CrChR2 was positive (Fig. 4D). In all tested homologs the Erev was close to that of GtACR1 (Fig. 186 

4D), which confirmed their anion selectivity. 187 

Previously, we and others demonstrated that Cys133, Ser156 and Tyr207 in GtACR1 (absorption 188 

maximum 515 nm) corresponding to Arg129, Gly152 and Phe203 in GtACR2 (absorption 189 

maximum 470 nm) define the spectral difference between these two proteins (15, 26)(E.G. 190 

Govorunova, O.A. Sineshchekov and J.L. Spudich, manuscript in preparation). According to 191 

GtACR1 crystal structures, the side chains of Cys133 and Ser156 are located near the β-ionone 192 

ring of the chromophore (Fig. 5A), whereas the hydroxyl group of Tyr207 forms a hydrogen 193 

bond with Asp234 in the photoactive center. Comparative analysis of these positions (Fig. 5C) 194 

and action spectra of photocurrents (Fig. 5B and D) in the 13 functional ACR homologs has 195 

revealed that only those proteins in which the residues match those of GtACR2 exhibit blue-196 

shifted absorption maxima. When Cys or Met are found at position 133, or Ser or Ala at position 197 

156, the spectrum is shifted to longer wavelengths. 198 

Dinoflagellate ChRs 199 

Dinoflagellates exhibit genuine phototactic orientation (27-29), and their genomes encode 200 

multiple type I rhodopsins (30-32). However, to the best of our knowledge, none of these 201 

rhodopsins has so far been reported to exhibit channel function. Some rhodopsin sequences 202 

from dinoflagellates of the genera Ansanella, Pelagodinum, and Symbiodinium (6, 33-36) 203 

contain the TCP motif in the middle of TM3 that is conserved in most so far known 204 

channelrhodopsins (Fig. S3A). This motif is also conserved in 17 proteins encoded by the deep-205 

ocean TARA marine transcriptomes that cluster together with these dinoflagellate rhodopsins 206 

and form a distinct branch of the phylogenetic tree (Fig. 1). A very unusual feature of this entire 207 

sequence cluster is that Asp212 of bacteriorhodopsin, highly conserved in all so far known 208 

channelrhodopsins, is replaced with Asn or, in one homolog, Leu (Fig. S3B). 209 
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Only one of the five tested metagenomic rhodopsin domains of this group was electrogenically 210 

photoactive upon expression in HEK293 cells, producing photocurrents barely resolved from 211 

the noise level (Fig. 6A, black bar). The fusion protein formed disk-shaped fluorescent 212 

aggregates within the cells (Fig. S3C, top). The addition of the trafficking signal (TS) between 213 

rhodopsin and EYFP, and the endoplasmic reticulum export motif (ER) at the C terminus of the 214 

fusion protein (37) reduced formation of the aggregates (Fig. S3C, bottom) and significantly 215 

increased the photocurrents, although they still reached only ~20-pA level at best (Fig. 6A, blue 216 

bar). In our standard buffer system with nearly symmetrical ionic concentrations in the bath 217 

and pipette the sign of the photocurrents reversed at positive voltages indicating passive ion 218 

transport (Fig. 6B, top). We named this protein mgdChR1 (for metagenomic dinoflagellate 219 

homolog ChannelRhodopsin 1). 220 

A homologous rhodopsin domain from the coral endosymbiont Symbiodinium microadriaticum 221 

has a ~300-residue N-terminal extension (Fig. S4), which is much longer than that found in 222 

other known ChRs, including mgdChR1. An expression construct encoding residues 1-600 223 

produced no tag fluorescence. However, when the N-terminal extension was deleted, and TS 224 

and ER export motifs added, fluorescence was observed, and passive photocurrents of a 225 

similarly small amplitude as from mgdChR1 were recorded (Fig. 6B, bottom). We named this 226 

protein ΔSmChR1 to emphasize truncation of the N-terminal extension. A homologous protein 227 

ΔSmChR2 from the same organism also generated photocurrents, but their amplitudes were 228 

even smaller. Channel currents from ΔSmChR1, but not from mgdChR1, were preceded with a 229 

fast negative current, the sign of which did not reverse at positive voltages (Fig. 6B, bottom). 230 

Such currents have previously been recorded from several other ChRs and interpreted as 231 

intramolecular charge displacement associated with isomerization of the retinal chromophore 232 

(24). The photocurrent action spectra of mgdChR1 and ΔSmChR1 peaked in the green spectral 233 

region (Fig. 6C). Small amplitudes of mgdChR1 and ΔSmChR1 photocurrents make accurate 234 

measurements of the reversal potentials problematic, so we were not able to determine their 235 

ionic selectivity. 236 

DISCUSSION 237 

We report functional testing of 43 ChR homologs from prasinophytes, stramenopiles, 238 

cryptophytes, dinoflagellates and metagenomic samples. An unexpected result is that ACRs 239 

appear to be more widely spread among protist taxa than CCRs. Another unexpected result is 240 

that the same residue pattern comprising conserved Glu82 and Glu90 with non-carboxylate 241 

residues in the positions of Glu83, Glu97, Glu101, and Glu123 (CrChR2 numbering) found in 242 

most ACRs from stramenopiles, cryptophytes, haptophytes, and metagenomic samples is also 243 

found in the CCRs, CsCCR and MsCCR, from prasinophytes. Out of five Glu residues in TM2 and 244 

TM2-TM3 loop, Glu82 is most conserved across the entire ChR family. According to our 245 

empirical calculations using PROPKA3 (38), the pKa of the Glu82 homolog is acidic in all so far 246 

published X-ray crystal structures of ChRs, including that of GtACR1 in which it apparently does 247 
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not prevent anion conductance. In CrChR2, replacement of Glu82 with Ala strongly inhibited 248 

expression in mammalian cells judged by the tag fluorescence and correspondingly reduced 249 

photocurrents (39), which suggests that this residue is needed for correct protein folding 250 

and/or membrane targeting. 251 

Glu90 appears to be essential for cation conductance in CrChR2, as mutation of this residue to 252 

Lys or Arg confers permeability for anions (19). Yet, this Glu is conserved in most ACRs except 253 

those from prasinophytes and Labyrinthulea. In the unphotolyzed state of both CrChR2 (40) and 254 

GtACR1 (41) this residue is neutral at neutral pH. Glu90 deprotonates during the photocycle of 255 

CrChR2 (42, 43). Photoinduced protonation changes of the Glu90 homolog in GtACR1 (Glu68) 256 

have not been studied by time-resolved molecular spectroscopy, but electrophysiological and 257 

UV-vis flash-photolysis data indicate that it also deprotonates upon photoexcitation (44). 258 

Further research is needed to clarify the role of this residue in anion conductance. 259 

Photocurrent desensitization in different ChR families correlates with accumulation of different 260 

intermediates of the photocycle. In MerMAID1 desensitization is correlated with the M 261 

intermediate (22), but in Rhodomonas BCCRs it is with a novel extremely blue-shifted 262 

intermediate (23). Finally, desensitization in CrChR2 is correlated with accumulation of blue-263 

absorbing P480 that is considered either as a late intermediate in a single branched photocycle 264 

(45) or the initial state of a parallel photocycle (43). Desensitization was reduced in the E44Q 265 

and C84T mutants of MerMAID1 (22). However, the mutated residues (corresponding, 266 

respectively, to Glu90 and Cys128 of CrChR2) are not the sole cause of strong desensitization in 267 

MerMAIDs, because they are conserved in many ChRs that do not show strong desensitization, 268 

including the closely related sTACR1 characterized here. 269 

According to quantum mechanical/molecular mechanical calculations using the GtACR1 crystal 270 

structure, replacement of Ser156 with Gly or Ala stabilizes S0, predicting a 11-12-nm blue shift 271 

of the absorption maximum (46). All tested cryptophyte ACRs that contain Gly in this position 272 

exhibited blue-shifted spectra. The spectra of two ACRs that contain Ala in this position 273 

(R7ACR1 and R8ACR3) were ~25 nm blue-shifted from that of GtACR1, whereas the spectra of 274 

the other two (C2ACR and R8ACR2) were very similar to that of GtACR1, suggesting that the 275 

expected phenotypic effect of Ser to Ala substitution in these proteins was compensated for by 276 

other changed residues. 277 

Our results and those of other groups suggest that most biophysical properties of ChRs relevant 278 

for their optogenetic applications cannot be assigned to a few individual residues, but rather 279 

reflect interactions between many of them. A cumulative larger set of electrophysiological data 280 

to which our study contributes might be used in the future to train machine learning algorithms 281 

to identify sequence motifs that define ionic selectivity, desensitization and absorption spectra. 282 

Implementation of such algorithms has already helped to improve plasma membrane targeting 283 

and light sensitivity of ChRs (47, 48).  284 
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Protein sequences of dinoflagellate ChRs and their metagenomic homologs are distantly related 285 

to ChRs from giant viruses (Fig. 1), two of which have been shown recently to passively conduct 286 

cations upon heterologous expression (7). However, Asp212 of bacteriorhodopsin is conserved 287 

in these viral CCRs, as in most other known microbial rhodopsins, whereas it is replaced with 288 

Asn in dinoflagellate ChRs. Analysis of Symbiodinium transcriptomes reveals potential latent 289 

infection by large dsDNA viruses (49), so viral origin of dinoflagellate ChRs cannot be excluded. 290 

So far, the function of ChRs as photoreceptors guiding phototaxis has been verified directly only 291 

in the chlorophyte C. reinhardtii, the model organism for which methods of gene silencing and 292 

knockdown have been developed (1, 50). Several other chlorophyte and one cryptophyte 293 

species have been shown to generate photoreceptor currents, very similar to those in C. 294 

reinhardtii and likely resulting from ChR photoexcitation (51-54). The direction of 295 

photoreceptor currents recorded in both freshwater and marine flagellates is depolarizing, 296 

which reflects cation influx or anion efflux. Both C. reinhardtii phototaxis receptors are CCRs (2, 297 

3), but ACRs might also contribute to depolarizing photoreceptor currents even in marine 298 

flagellates, if their membrane potential is sufficiently low. To the best of our knowledge, the 299 

membrane potential has not been estimated in any ACR-containing organism, but it is -170 mV 300 

in the giant marine unicellular alga Acetabularia mediterranea (55).  301 

Based on the action spectra of dinoflagellate phototaxis, rhodopsins have been suggested as 302 

photoreceptors that guide this behavior (56). Our demonstration of channel activity in 303 

dinoflagellate rhodopsins with the TCP motif in TM3 strongly supports this hypothesis. The 304 

spectral sensitivity of dinoflagellate ChRs matches that of phototactic accumulation observed in 305 

Symbiodinium and unclassified coral symbiotic dinoflagellates (57, 58). The latter studies 306 

suggest that coral larvae use GFP fluorescence to attract dinoflagellate symbionts that are 307 

necessary for their survival. 308 

Manual patch clamp is time-consuming and requires considerable skill. We sought to test 309 

whether APC can be used for characterization of hundreds of ChR variants that evolved in 310 

various protists. The planar-array principle implemented in the SyncroPatch 384i allows seal 311 

formation on micron-size orifices in the glass bottom of microwell plates (chips) into which cell 312 

suspension is pipetted, thus bypassing pipette fabrication and offering the option for recording 313 

multiple cells in parallel (59). APC is mostly used for drug screening, especially cardiac safety 314 

testing, in stably transfected cell lines. However, generation of such lines for ChR screening is 315 

not practical. We found that even upon chemical transfection that yielded only 30-70% visibly 316 

fluorescent cells depending on the construct, using the SyncroPatch 384i considerably sped up 317 

data collection, as compared to manual patch clamp.  318 

MATERIALS AND METHODS 319 

Bioinformatics 320 
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To identify metagenomic homologs of MerMAIDs, haptophyte ACRs and Labyrinthulea ACRs, 321 

we first searched selected datasets of the Integrated Microbial Genomes and Microbiomes at 322 

the Department of Energy's Joint Genome Institute (JGI) (Data Set S4) using the keyword 323 

“rhodopsin”, and then performed blastp (protein-protein BLAST) search using RubyACR 324 

sequences as a query. A similar procedure was used to identify rhodopsin genes in the 325 

dinoflagellate genomes from various sources listed in Data Set S4. Cafeteria roenbergensis ChRs 326 

were identified in the National Center for Biotechnology Information (NCBI) non-redundant 327 

protein database using blastp and GtACR1 sequence as a query. 328 

To explore the diversity of cryptophyte ACRs, we analyzed transcriptomes of 20 cryptophyte 329 

strains each sequenced on the Illumina HiSeq 2000 platform and assembled with the Bridger 330 

algorithm (60). Using a hidden Markov model (HMM) (61) based on known cryptophyte ACRs, 331 

we identified 15 novel transcripts for experimental characterization. We also analyzed 136 332 

deep-ocean metatranscriptomic libraries from the TARA Oceans Expedition (62) assembled with 333 

the Plass protein-level algorithm (63). Four distinct HMMs were built using previously known 334 

sequences of cryptophyte ACRs, cryptophyte BCCRs, chlorophyte CCRs and MerMAIDs. While 335 

many transcripts could be uniquely assigned to one of these four HMMs, some aligned weakly 336 

but equally well to two or more HMMs, and could not be assigned unambiguously. Remarkably, 337 

17 of these “ambiguous” sequences turned out to be close homologs of dinoflagellate ChRs that 338 

were not included among our HMMs. 339 

Rhodopsin sequences from Data Set S1 were aligned using MUSCLE with default parameters as 340 

implemented in MegAlign Pro software v. 17.1.1 (DNASTAR Lasergene, Madison, WI) and 341 

truncated after the end of TM7. Phylogeny was analyzed with IQ-TREE v. 2.1.2 (64) using 342 

automatic model selection and ultrafast bootstrap approximation (1000 replicates) (65). The 343 

best tree was visualized and annotated with iTOL v. 5.7 (66). 344 

Molecular biology and HEK293 transfection 345 

DNA polynucleotides encoding the opsin domains optimized for human codon usage were 346 

synthesized and cloned by GenScript (Piscataway, NJ) into the mammalian expression vector 347 

pcDNA3.1 (Life Technologies, Grand Island, NY) in frame with an EYFP tag for expression in 348 

HEK293 cells. The cells were transfected using the ScreenFectA transfection reagent (Waco 349 

Chemicals USA, Richmond, VA). All-trans-retinal (Sigma) was added at the final concentration of 350 

3 µM immediately after transfection.  351 

Manual patch clamp recording 352 

Photocurrents were recorded 48-96 h after transfection in whole-cell voltage clamp mode with 353 

an AxoPatch 200B amplifier and digitized with a Digidata 1440A using pClamp 10 software (all 354 

from Molecular Devices, Union City, CA). Patch pipettes with resistances of 2-4 MΩ were 355 

fabricated from borosilicate glass. The ionic compositions of the bath and pipette solutions are 356 

shown in Table S1. For determination of Erev, K
+
 in the pipette solution was replaced with Na

+
 to 357 

minimize the number of ionic species in the system, and the holding voltages were corrected 358 
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for liquid junction potentials calculated using the Clampex built-in calculator. Continuous light 359 

pulses were provided by a Polychrome V (T.I.L.L. Photonics GMBH, Grafelfing, Germany) in 360 

combination with a mechanical shutter (Uniblitz Model LS6, Vincent Associates, Rochester, NY; 361 

half-opening time 0.5 ms). The maximal photon density at the focal plane of the 40× objective 362 

was 5.2-8.5 mW mm
-2

 depending on the wavelength. The action spectra were constructed by 363 

calculation of the initial slope of photocurrent and corrected for the photon density measured 364 

at each wavelength (5). Further analysis was performed using Origin Pro software (OriginLab 365 

Corporation, Northampton, MA). The images were taken with a CoolSNAP HQ2 monochrome 366 

camera (Photometrics, Tucson, AZ). 367 

Automated patch clamp recording 368 

Automated patch clamp recording was conducted with a SyncroPatch 384i (Nanion 369 

Technologies) using planar borosilicate glass medium-resistance chips in a 384 microtiter plate 370 

format with one or four holes per well and Nanion Standard solutions (for their composition 371 

see Table S1). Transfected cells were dissociated using TrypLE™ Express, diluted with CHO-S-372 

SFM-II medium (both from ThermoFisher) and resuspended in External Physiological solution 373 

(Nanion Technologies) at 10
5
-4×10

5
 cells ml

-1
. Each well was filled with 30 μl Chip Fill solution, 374 

to which 20 μl of the cell suspension was added. Seal formation was enhanced by the addition 375 

of 40 μl of NMDG 60 solution with 10 mM CaCl2 (final concentration). After capturing the cells, 376 

50 μl of the external solution was replaced with 40 μl of NMDG 60 solution, and 40 μl of the 377 

mixture was removed. For data acquisition and analysis, respectively, PatchControl384 and 378 

DataControl384 software v. 1.9.0 was used (both Nanion Technologies). Illumination was 379 

provided with LUXEON Z blue LEDs LXZ1-PB01 (470 ± 20 nm) controlled by custom-built 380 

software. 381 

Statistics 382 

Descriptive statistics was used as implemented in Origin software. The data are presented as 383 

mean ± sem values; the data from individual replicates are also shown when appropriate. The 384 

sample size was estimated from previous experience and published work on similar subjects, as 385 

recommended by the NIH guidelines. No normal distribution of the data was assumed; when a 386 

specific statistics hypothesis was tested, non-parametric tests were used. 387 

Data availability 388 

The polynucleotide sequences of ChR homologs reported in this study have been deposited to 389 

GenBank (accession numbers MW557552-MW557594). 390 
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FIGURE LEGENDS 618 

Figure 1. An unrooted phylogenetic tree of ChRs. The nodes are color-coded as following: red, 619 

confirmed anion selectivity; blue, confirmed cation selectivity; gray, non-functional; black, ion 620 

selectivity not determined. Thicker nodes show ChRs characterized in this study. Gray circles 621 

show ultrafast bootstrap support values above 95%. A tree file in the Newick format is available 622 

as Data Set S2, and the corresponding protein alignment, as Data Set S3. 623 

Figure 2. Prasinophyte CCRs. (A) Amino acid residues corresponding to the indicated positions 624 

in CrChR2. ChRs characterized in this study are in bold (black, functional; gray, non-functional). 625 

Conserved glutamates are highlighted red. (B) Peak photocurrent amplitudes generated at -60 626 

mV in response to 1-s light pulses at the wavelength of the spectral maximum. (C) 627 

Desensitization of photocurrents after 1-s illumination. (D) Action spectra of photocurrents. The 628 

data points show mean ± sem (n = 4-8 scans). (E) Reversal potentials of photocurrents. The bars 629 

in B, C and E show mean ± sem; diamonds, data from individual cells. 630 

Figure 3. Stramenopile ACRs and their metagenomic homologs. (A) Amino acid residues in the 631 

ion conductance pathway, corresponding to the indicated positions in CrChR2. ChRs 632 

characterized in this study are in bold face. Conserved glutamates are highlighted red. (B) Peak 633 

photocurrent amplitudes generated at -60 mV in response to 1-s light pulses at the wavelength 634 

of the spectral maximum. (C) Desensitization of photocurrents after 1-s illumination. (D) 635 

Reversal potentials of photocurrents. In B-D the bars show mean ± sem; empty diamonds, data 636 

from individual cells. (E and F) Action spectra of photocurrents. The data points are mean ± sem 637 

(n = 4-6 scans). 638 

Figure 4. Cryptophyte ACRs. (A) Amino acid residues corresponding to the indicated positions in 639 

CrChR2. ChRs characterized in this study are in bold, non-functional homologs are in grey. 640 

Conserved glutamates are highlighted red. (B) Peak photocurrent amplitudes generated at -60 641 

mV in response to 1-s light pulses at the wavelength of the spectral maximum. (C) 642 

Desensitization of photocurrents after 1-s illumination. (D and E) Series of photocurrent traces 643 
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recorded from R3ACR1 upon incremental voltage increase with the SyncroPatch 384i (D) and 644 

AxoPatch 200B (E) at 470-nm excitation. Note the smaller amplitude and slower kinetics of the 645 

SyncroPatch traces, as expected from the lower stimulus intensity. (F) Reversal potentials of 646 

photocurrents. In B, C and F the bars show mean ± sem; empty diamonds, data from individual 647 

cells. 648 

Figure 5. Color tuning in cryptophyte ACRs. (A) A crystal structure of GtACR1 (6EDQ) showing 649 

the three side chains that contribute to the spectral difference between GtACR1 and GtACR2. (B 650 

and D) Action spectra of photocurrents generated by the indicated cryptophyte ACRs. The data 651 

points show mean ± sem (n = 4-8 scans). (C) Amino acid residues involved in color tuning in the 652 

functional cryptophyte homologs. The numbering is according to the GtACR1 sequence. 653 

Figure 6. ΔSmChR1 and its metagenomic homolog mgdChR1. (A) Peak photocurrent amplitudes 654 

generated at -60 mV in response to 1-s light pulses at the wavelength of the spectral maximum. 655 

The bars show mean ± sem; empty diamonds, data from individual cells. The asterisk indicates p 656 

< 0.01 by the Mann-Whitney test. “mgdChR1no” denotes the construct without TS and ER 657 

motifs. (B) Photocurrent traces recorded at -60 and 60 mV from mgdChR1 (top) and ΔSmChR1 658 

(bottom). The ΔSmChR1 at 60 mV was shifted 50 ms to the right relative to the trace at -60 mV 659 

to show the fast negative peak. (C) Action spectra of photocurrents. The data points show mean 660 

± sem (n = 10-12 scans). 661 

SUPPLEMENTAL TEXT 662 

Supplemental Results 663 

“Core” chlorophyte and streptophyte ChR homologs 664 

Only one Glu residue (corresponding to Glu82 of CrChR2) is conserved in TM2 of the 665 

functionally characterized Pyramimonas ACRs (6). Four sequences from Chlorophyceae (two 666 

from Chlamydomonas noctigama, one from Chlamydomonas sp. and one from Chloromonas 667 

subdivisa) also exhibit this residue pattern (Fig. S1B). Upon expression of three of these 668 

polynucleotides, small hyperpolarizing photocurrents that did not reverse at positive voltages 669 

were recorded (Fig. S1C). They likely reflect intramolecular transfer of the Schiff base proton to 670 

an outwardly located acceptor, as previously found in other ChRs (24, 67). The C. subdivisa 671 

sequence was very poorly expressed and generated no currents. 672 

Out of the four Chlorodendrophyceae sequences with the misplaced Asp212 homolog, one 673 

(named here TchChR) has already been tested earlier and found to be non-electrogenic (68). 674 

We have synthesized and tested two other sequences of this group, PsChR4 from P. 675 

subcordiformis and TaChR from T. astigmatica. Neither generated photocurrents upon 676 

expression in HEK293 cells, although normal tag fluorescence was observed. 677 

Functional CCRs have previously been reported in the streptophyte classes 678 

Mesostigmatophyceae (53) and Klebsormidiophyceae (69). A ChR homolog has also been 679 
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identified in Coleochaete irregularis (6) from the class Coleochaetophyceae, which is more 680 

closely related to land plants. However, we could not detect any photocurrents upon its 681 

expression in HEK293 cells. 682 

Supplemental Figure Legends 683 

Figure S1. (A) The residues of the retinal-binding pockets. Variants tested in this study are in 684 

bold. The residues in MsCCR and CsCCR that differ from those in Chrimson and RubyACRs, 685 

earlier known red-shifted ChRs, are highlighted red. The numbers are according to 686 

bacteriorhodopsin sequence. (B and D) The residues in the positions of the conserved 687 

glutamates (highlighted red) in the ion conductance pathway in the indicated homologs from 688 

Chlorophyceae (B) and Chlorodendrophyceae (D). Variants tested in this study are in bold, non-689 

functional, in gray. The numbers are according to CrChR2 sequence. (C) Photocurrent traces 690 

recorded from C1ChR in response to 1-s illumination at -60 and 60 mV. (E) Alignment of the part 691 

of TM7 of the indicated Chlorodendrophyceae homologs. The Schiff base Lys is highlighted 692 

blue; the upstream Glu, red. 693 

Figure S2. A section of the phylogenetic tree from Fig. 1 redrawn in a rectangular format. Red 694 

nodes show variants with proven anion selectivity, thicker nodes show variants tested in this 695 

study. Red numbers are the values of photocurrent desensitization from Fig. 3C in the main text 696 

(mean ± sem, n = 5-6 cells). 697 

Figure S3. (A and B) Alignments of TM3 (A) and TM7 (B) of dinoflagellate ChRs and their 698 

metagenomic homologs. The TCP motif and the Asn residue corresponding to Asp212 of 699 

bacteriorhodopsin are highlighted red. (C) EYFP tag fluorescence in cells expressing mgdChR1 700 

constructs schematically shown on top of the images. TS, trafficking signal, ER, endoplasmic 701 

reticulum export motif. 702 

Figure S4. Alignment of S. microadriaticum ChR1 with and without the N-terminal extension. 703 

Supplemental Table Legends 704 

Table S1. Compositions of the solutions used in patch clamp recording. 705 

Table S2. List of cryptophyte strains analyzed. 706 

Supplemental Data Set Legends 707 

Data Set S1. Genbank accession numbers, abbreviated protein names, source organisms, 708 

habitats, transcript names and amino acid sequences used to construct the phylogenetic tree in 709 

Fig. 1. Note that only sequences that cover the entire N-terminal and rhodopsin domains are 710 

included. Literature references to identification and electrophysiological characterization of the 711 

sequences are also provided. The sequences identified and characterized in this study are 712 

shown in bold. 713 

Data Set S2. A Newick file of the tree shown in Fig. 1 in the main text. 714 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 23, 2021. ; https://doi.org/10.1101/2021.03.23.436664doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.23.436664


20 

 

Data Set S3. An alignment of the C-truncated sequences used to construct the tree in Fig. 1 in 715 

the main text. 716 

Data Set S4. A list of sequence databases searched. 717 

718 
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Table S1. Solution compositions in AxoPatch and SyncroPatch recordings. 719 

Abbreviations: Asp, aspartate; EGTA, ethylene glycol tetraacetic acid; HEPES, 4-(2-720 

hydroxyethyl)-1-piperazineethanesulfonic acid; LJP, liquid junction potential; NMDG, N-Methyl-721 

D-glucamine. All concentrations are in mM. 722 
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*NMDG stock (pH 9) was prepared from 1M NMDG and ~700 mM HCl.  723 
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Table S2. List of cryptophyte strains analyzed 724 

Abbreviations: BEA, Banco Español de Algas, of the Universidad of Las Palmas de Gran Canaria, 725 

Spain; CCAC, Culture Collection of Algae at the University of Cologne, Germany; SCCAP, 726 

Scandinavian Culture Collection of Algae and Protozoa at the University of Copenhagen, 727 

Denmark; CCMP, Culture Collection of Marine Phytoplankton at the Provasoli-Guillard National 728 

Center for Marine Algae and Microbiota at Woods Hole Oceanographic Institution, USA; NIES, 729 

National Institute for Environmental Studies, Tsukuba, Japan. 730 

 Catalog number Genus and species 

names 

Habitat (growth 

medium) 

ACRs 

found? 

1. CCMP 0268 Chroomonas sp. Marine (ASP-12)* No
#
 

2. CCAC 4037 B Chroomonas sp. Marine (ASP-12)* No
#
 

3. NIES 1370 Chroomonas sp. Marine (ASP-12)* No
#
 

4. CCAC 0173 B Chroomonas sp. Marine (ASP-H)* No
#
 

5. CCAC 1627 B Chroomonas sp. Marine (ASP-H)* Yes 

6. CCAC 3782 B Chroomonas sp. Freshwater No
#
 

7. CCAC 3670 B Chroomonas sp. Marine (ASP-H)* No
#
 

8. BEA 0199B Cryptomonas cf. 

pyrenoidifera 

Freshwater No
#
 

9. CCAC 0108 Cryptomonas 

gyropyrenoidosa 

Freshwater No
#
 

10. CCAC 0031 Cryptomonas 

obovoidea 

Freshwater No
#
 

11. CCAC 0064 Cryptomonas ovata Freshwater No
#
 

12. SCCAP K0416 Geminigera sp. Marine (ASP-12)* No
#
 

13. CCAC 1074 B Komma caudata Freshwater No
#
 

14. CCMP 0760 Rhodomonas sp. Marine (ASP-12)* Yes 

15. CCAP 979/6 Rhodomonas sp. Marine (ASP-12)* Yes 

16. CCAC 1480 B Rhodomonas sp. Freshwater Yes 

17. CCAC 3787 B Rhodomonas sp. Marine (ASP-12)* Yes 

18. CCAC 3407 B Rhodomonas sp. Marine (ASP-12)* Yes 

19. CCAC 3799 B Rhodomonas sp. Marine (ASP-12)* Yes 

20. BEA 0603B Urgorri complanatus Marine (ASP-12)* No
#
 

*For media recipes see the CCAC website (https://www.uni-due.de/biology/ccac/) 731 

#
Our finding of no ACR transcripts in this species does not necessarily mean that they are not 732 

encoded by its genome and expressed; the transcript abundance may simply have been below 733 

the detection limit of our method. 734 
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Figure 1. An unrooted phylogenetic tree of ChRs. The nodes are color-coded as following: red, 736 

confirmed anion selectivity; blue, confirmed cation selectivity; gray, non-functional; black, ion 737 

selectivity not determined. Thicker nodes show ChRs characterized in this study. Gray circles 738 

show ultrafast bootstrap support values above 95%. A tree file in the Newick format is available 739 

as Data Set S2, and the corresponding protein alignment, as Data Set S3. 740 
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Figure 2. Prasinophyte CCRs. (A) Amino acid residues corresponding to the indicated positions 742 

in CrChR2. ChRs characterized in this study are in bold (black, functional; gray, non-functional). 743 

Conserved glutamates are highlighted red. (B) Peak photocurrent amplitudes generated at -60 744 

mV in response to 1-s light pulses at the wavelength of the spectral maximum. (C) 745 

Desensitization of photocurrents after 1-s illumination. (D) Action spectra of photocurrents. The 746 

data points show mean ± sem (n = 4-8 scans). (E) Reversal potentials of photocurrents. The bars 747 

in B, C and E show mean ± sem; diamonds, data from individual cells. 748 
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Figure 3. Stramenopile ACRs and their metagenomic homologs. (A) Amino acid residues in the 750 

ion conductance pathway, corresponding to the indicated positions in CrChR2. ChRs 751 

characterized in this study are in bold face. Conserved glutamates are highlighted red. (B) Peak 752 

photocurrent amplitudes generated at -60 mV in response to 1-s light pulses at the wavelength 753 

of the spectral maximum. (C) Desensitization of photocurrents after 1-s illumination. (D) 754 

Reversal potentials of photocurrents. In B-D the bars show mean ± sem; empty diamonds, data 755 

from individual cells. (E and F) Action spectra of photocurrents. The data points are mean ± sem 756 

(n = 4-6 scans). 757 
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Figure 4. Cryptophyte ACRs. (A) Amino acid residues corresponding to the indicated positions in 759 

CrChR2. ChRs characterized in this study are in bold, non-functional homologs are in grey. 760 

Conserved glutamates are highlighted red. (B) Peak photocurrent amplitudes generated at -60 761 

mV in response to 1-s light pulses at the wavelength of the spectral maximum. (C) 762 

Desensitization of photocurrents after 1-s illumination. (D and E) Series of photocurrent traces 763 

recorded from R3ACR1 upon incremental voltage increase with the SyncroPatch 384i (D) and 764 

AxoPatch 200B (E) at 470-nm excitation. Note the smaller amplitude and slower kinetics of the 765 

SyncroPatch traces, as expected from the lower stimulus intensity. (F) Reversal potentials of 766 

photocurrents. In B, C and F the bars show mean ± sem; empty diamonds, data from individual 767 

cells. 768 
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Figure 5. Color tuning in cryptophyte ACRs. (A) A crystal structure of GtACR1 (6EDQ) showing 770 

the three side chains that contribute to the spectral difference between GtACR1 and GtACR2. (B 771 

and D) Action spectra of photocurrents generated by the indicated cryptophyte ACRs. The data 772 

points show mean ± sem (n = 4-8 scans). (C) Amino acid residues involved in color tuning in the 773 

functional cryptophyte homologs. The numbering is according to GtACR1 sequence. 774 
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Figure 6. ΔSmChR1 and its metagenomic homolog mgdChR1. (A) Peak photocurrent amplitudes 776 

generated at -60 mV in response to 1-s light pulses at the wavelength of the spectral maximum. 777 

The bars show mean ± sem; empty diamonds, data from individual cells. The asterisk indicates p 778 

< 0.01 by the Mann-Whitney test. “mgdChR1no” denotes the construct without TS and ER 779 

motifs. (B) Photocurrent traces recorded at -60 and 60 mV from mgdChR1 (top) and ΔSmChR1 780 

(bottom). The ΔSmChR1 at 60 mV was shifted 50 ms to the right relative to the trace at -60 mV 781 

to show the fast negative peak. (C) Action spectra of photocurrents. The data points show mean 782 

± sem (n = 10-12 scans). 783 
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Figure S1. (A) The residues of the retinal-binding pockets. Variants tested in this study are in 785 

bold. The residues in MsCCR and CsCCR that differ from those in Chrimson and RubyACRs, 786 

earlier known red-shifted ChRs, are highlighted red. The numbers are according to 787 

bacteriorhodopsin sequence. (B and D) The residues in the positions of the conserved 788 

glutamates (highlighted red) in the ion conductance pathway in the indicated homologs from 789 

Chlorophyceae (B) and Chlorodendrophyceae (D). Variants tested in this study are in bold, non-790 

functional, in gray. The numbers are according to CrChR2 sequence. (C) Photocurrent traces 791 

recorded from C1ChR in response to 1-s illumination at -60 and 60 mV. (E) Alignment of the part 792 

of TM7 of the indicated Chlorodendrophyceae homologs. The Schiff base Lys is highlighted 793 

blue; the upstream Glu, red. 794 
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Figure S2. A section of the phylogenetic tree from Fig. 1 redrawn in a rectangular format. Red 796 

nodes show variants with proven anion selectivity, thicker nodes show variants tested in this 797 

study. Red numbers are the values of photocurrent desensitization from Fig. 3C in the main text 798 

(mean ± sem, n = 5-6 cells). 799 
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Figure S3. (A and B) Alignments of TM3 (A) and TM7 (B) of dinoflagellate ChRs and their 801 

metagenomic homologs. The TCP motif and the Asn residue corresponding to Asp212 of 802 

bacteriorhodopsin are highlighted red. (C) EYFP tag fluorescence in cells expressing mgdChR1 803 

constructs schematically shown on top of the images. TS, trafficking signal, ER, endoplasmic 804 

reticulum export motif. 805 

  806 

mgdChR1 eYFP

A C
TM3                                      TM7

B

eYFP ERTSmgdChR1

AngChR     SRPVEWLLTCPVMQLIVVI     ITVIQLGWAVLNVVSKFGFILHLQHIKSKY 
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SA3ChR3    ARPVEWIMTCPILQLKLVV     ELVIELGWVVLNMLAKFSFIILLQRSKLLH 
SA3ChR4    SRPIEWIATCPIMQLKLVV     YLVIEMGWVVLNIVSKFTFIIWMQRMKMVH 
SmChR1     ARPVEWVLTCPILQLKLVV     ELVIEMGWVALNLLAKFSMIILGQRMKMSH 
SmChR2     SRPVEWVLTCPIMQLKLVV     GFIIEMGWVVLNIVSKFLFIIMMQLYKMSH 
SmChR3     SRPVEWILTCPIMQLKLVV     GFIIEMGWVVLNIVSKFVFIIWLQRMKMVH 
SmiChR1    ARPIEWLMTCPIMQLKLVV     ELVIEMGYVVLNITAKFSFIILMQRMKMVH 
SmiChR2    SRPVEWIMTCPIMQLKLVV     YLVIEMGWVALNIISKFTFIILMQRMKMVH 
SmiChR3    SRPIEWIATCPIMQLKLVV     YLIIEMGWVVLNIISKFTFIIWMQRMKMVH 
mgdChR1    FRYLGYAVTCPIMMVELVV     TKMNALGFALLNVTSKGMFTRQTMRMARHE 
mgdChR2    GRPLEWMLTCPLMQLAVPI     AAGMKVAVAFLNVFSKGAFMMYLARIRTDH 
mgdChR3    GRPIEWILTCPLMQLVLPV     SAAMKISVAFLNVFSKGAFIFYINRVRADI 
mgdChR4    ARPVEWIMTCPVMQLALVI     VMLIQIGYAVLNIVSKCSFMAFLQYCKMNA 
mgdChR5    CRPLEWLATCPFMMLQMVI     FDLHQGVFLLLNIVSKMVFVIVVFRLDGVP 
mgdChR6    GRIVEWMLTCPLIQLAVPM     QPGMKVAVAFLNLFSKGSFIMYLTRIRADF 
mgdChR7    CRPLEWLFTCPLMMLEMAI     HQIHSGVFLILNIFAKAVFIWYVYTLDYEM 
mgdChR8    GRPLEWMLTCPLMQLAVPI     AAGMKVAVAFLNVFSKGSFMMYLARIRTDH 
mgdChR9    ARPLEWLLTCPLMMLEVVV     HDVHQGVFLLLNVISKAVFCYCIFALDGVP 
mgdChR10   CRPLEWLATCPFMMLQMVI     FDLHQGVFLLLNIVSKMVFVVLVFRLDMVP 
mgdChR11   GRPIEWILTCPLMQLVLPI     AAAMKIAVAFLNVFSKGAFVFYLHRVQADI 
mgdChR12   ARPIDWIFTCPVMQLALVV     VMLIQIGWTILNIVSKIPFMWFLQYCKTIE 
mgdChR13   FRYLGYAITCPPMQAQLIL     TKLNSIGFAVLNLVSKGALSFQVLQMTKQY 
mgdChR14   ARPVEWICTCPIMQLALVI     VMVIQIGYAVLNIVSKISFMAFLRRCKTAS 
mgdChR15   ARPVEWICTCPIMQLALVI     VMVIQIGYAVLNIVSKISFMAFLQWCKIRA 
mgdChR16   SRPIEWMLTCPLMQLCLVL     VVIIQMGWAFLNITAKFSSAFYMQRIKDNY 
mgdChR17   GRPVEWMLTCPLMQLAVPI     AAAMKVAVAFLLVFSKGAFMMYLARIRTDH 
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Figure S4. Alignment of S. microadriaticum ChR1 with and without the N-terminal extension. 807 

SmChR1  MSTEIHIELLHSGGDGDLPPGAAGVGAAVVALELDSCRQIFRAEGGRWSTTGCTGDQPPWARADQPAVRLGPSGAAFPGQARNLRFVLDRENQEIIMYSD 100 
ΔSmChR1 ----------------------------------------------------------------------------------------------------   - 
                                                                                                                
SmChR1  NVLMAPAGASEGQLGVPVGGGVCRDYSGGNGSVGCPDKSSPVSVMFLRTVELVVWPEATLEIRRLAVMAPAGYWQLSHSTRSAPVHHRPTPTPCHAAACR 200 
ΔSmChR1 ----------------------------------------------------------------------------------------------------   - 
                                                                                                                
SmChR1  ACCQYPLAACDPDRKKGSCSMGGVVGLHACRAHSATELSLRTISPCCWTVRCRTEAIAIHTMEHMGTRAVQNALDMEQGRLSEAMAMIQDSMDRVRRLQT 300 
ΔSmChR1 -------------------------------------------------------------------------------------------MDRVRRLQT   9 
                                                                                                                
SmChR1  ETCDSVDWSDAHNIAQIAQGTLFLILAIWLIFANNAKVAVGQKAPLEQRHAVCATLSTAVALFSGFFNIMQLTGIDDFDIPGYSGGFVLQLARPVEWVLT 400 
ΔSmChR1 ETCDSVDWSDAHNIAQIAQGTLFLILAIWLIFANNAKVAVGQKAPLEQRHAVCATLSTAVALFSGFFNIMQLTGIDDFDIPGYSGGFVLQLARPVEWVLT 109 
                                                                                                                
SmChR1  CPILQLKLVVLAGARVPSYRRFMMPLLSAAVLLCGVAATFTEGALRYVWFTFGSIFCFIMFYHNALQIGENSEGEESLLRGDSDYRRLTLLLIITWFPFP 500 
ΔSmChR1 CPILQLKLVVLAGARVPSYRRFMMPLLSAAVLLCGVAATFTEGALRYVWFTFGSIFCFIMFYHNALQIGENSEGEESLLRGDSDYRRLTLLLIITWFPFP 209 
                                                                                                                
SmChR1  IWFILSPEGFNLVDSELVIEMGWVALNLLAKFSMIILGQRMKMSHQKKMEAARELYGMAPGDAVSGEALDQKALAESSTKGGRRMMDPADYGLGVGEDAE 600 
ΔSmChR1 IWFILSPEGFNLVDSELVIEMGWVALNLLAKFSMIILGQRMKMSHQKKMEAARELYGMAPGDAVSGEALDQKALAESSTKGGRRMMDPADYGLGVGEDAE 309 
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