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Abstract 35 

Optogenetic inhibition of specific neuronal types in the brain enables analysis of 36 

neural circuitry and is promising for the treatment of a number of neurological disorders. 37 

Anion channelrhodopsins from the cryptophyte alga Guillardia theta generate larger 38 

photocurrents than other available inhibitory optogenetic tools, but more rapid channels 39 

are needed for temporally precise inhibition, such as single-spike suppression, of high-40 

frequency firing neurons. Faster anion channelrhodopsins have been reported, but their 41 

potential advantages for time-resolved inhibitory optogenetics have not so far been 42 

verified in neurons. We report RapACR, nicknamed so for “rapid”, an anion 43 

channelrhodopsin from Rhodomonas salina, that exhibits channel half-closing times 44 

below 10 ms and achieves equivalent inhibition at 50-fold lower light intensity in 45 

lentivirally transduced cultured mouse hippocampal neurons as the second-generation 46 

engineered Cl--conducting channelrhodopsin iC++. The upper limit of the time resolution 47 

of neuronal silencing with RapACR determined by measuring the dependence of spiking 48 

recovery after photoinhibition on the light intensity was calculated to be 100 Hz, 49 

whereas that with the faster of the two Guillardia theta anion channelrhodopsins was 13 50 

Hz. Further acceleration of RapACR channel kinetics was achieved by site-directed 51 

mutagenesis of a single residue in transmembrane helix 3 (Thr111 to Cys). We also 52 

show that mutation of another ACR (Cys to Ala at the same position) with a greatly 53 

extended lifetime of the channel open state acts as a bistable photochromic tool in 54 

mammalian neurons. These molecules extend the time domain of optogenetic neuronal 55 

silencing while retaining the high light sensitivity of Guillardia ACRs. 56 

Significance statement 57 
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We report both fast and slow variants of cryptophyte anion channelrhodopsins 58 

that enable efficient neuronal silencing with light in the expanded time window of 10 ms 59 

to tens of seconds. These tools can be used at low expression levels to avoid possible 60 

detrimental effects on the physiology of recipient cells and help to minimize light 61 

intensities to prevent overheating of the tissue in optogenetic experiments. Their 62 

potential applications include analysis of neuronal circuitry, the slow closing channel 63 

variant enabling measurements requiring an open channel in the dark amenable to 64 

optical imaging, and the development of optogenetic treatments for neurological 65 

diseases involving neuron hyperexcitability. 66 

Introduction 67 

Control of neuronal activity with genetically targeted molecules (optogenetics) 68 

requires both actuators and inhibitors, to de- and hyperpolarize the membrane, 69 

respectively (Bernstein et al., 2012; Deisseroth, 2015; Emiliani et al., 2015). Until 70 

recently the only optogenetic tools available for inhibition of neuronal spiking had been 71 

rhodopsin ion pumps such as halorhodopsin and archaeorhodopsin that transport Cl- in 72 

or H+ out of the cell, respectively (Zhang et al., 2007; Chow et al., 2010; Chuong et al., 73 

2014). However, the pumps translocate at most only one charge per captured photon 74 

and therefore their optogenetic use typically requires high light intensities (10-20 mW 75 

mm-2; Maurice et al., 2015; Arguello et al., 2016; Parker et al., 2016). 76 

Ion channels form a continuous hydrophilic pore in the lipid bilayer and are 77 

therefore much more efficient for manipulation of the membrane potential than ion 78 

pumps. Mature neurons maintain a steep inwardly directed Cl- gradient across their 79 

somatic membrane (Price and Trussell, 2006; Khirug et al., 2008), so opening of Cl- 80 
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channels, such as endogenous ionotropic GABA (γ-aminobutyric acid) receptors, 81 

hyperpolarize the membrane. Therefore, considerable efforts have been invested in 82 

converting cation channelrhodopsins (CCRs) from chlorophyte algae into Cl- channels, 83 

yielding two principal variants (Berndt et al., 2014; Wietek et al., 2014). Continued 84 

engineering efforts resulted in second-generation tools by eliminating their residual 85 

permeability for H+ (Wietek et al., 2015; Berndt et al., 2016) and modification of their 86 

kinetics and spectral sensitivity (Wietek et al., 2017). 87 

Meanwhile, two natural anion channelrhodopsins (ACRs) with unitary 88 

conductance that exceeds that of any previously known channelrhodopsins were found 89 

in the cryptophyte alga Guillardia theta (Govorunova et al., 2015). These proteins have 90 

been shown to require less light than rhodopsin pumps for inhibition of spiking in 91 

cultured rodent neurons (Govorunova et al., 2015), and behavioral responses in 92 

Caenorhabditis elegans (Bergs et al., 2018) and Drosophila (Mohammad et al., 2017). 93 

Furthermore, GtACRs did not produce rebound effects (Wei et al., 2018), observed 94 

when using rhodopsin pumps (Chuong et al., 2014; Mahn et al., 2016). GtACR2 95 

enabled neuronal silencing at 20-fold lower light intensity with 65-fold better time 96 

resolution than that required by the most light-sensitive Cl--conducting CCR mutants 97 

available at the time (Govorunova et al., 2015), but side-by-side comparison of natural 98 

ACRs with the second-generation engineered silencing tools has yet to be carried out. 99 

Closing of GtACR channels requires tens to hundreds of milliseconds, which 100 

limits their temporal precision for silencing of neuronal types that fire at high 101 

frequencies. In a screen of natural ACR homologs a faster molecule, named ZipACR, 102 
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has been found, but its light sensitivity as a neuronal silencer had not been determined 103 

(Govorunova et al., 2017b). 104 

In long-term optogenetic experiments, continuous illumination may lead to 105 

considerable heating of the tissue (Wiegert et al., 2017). One possible solution of this 106 

problem is to use “step-function tools”, i.e., light-gated channels that remain open for 107 

seconds after the light is switched off. Cl--conducting CCR mutants have been 108 

converted into such tools (Berndt et al., 2014; Wietek et al., 2014) by mutagenetic 109 

disruption of the residues that form the “DC gate” (an intrahelical hydrogen bond 110 

between Cys128 and Asp156, CrChR2 numbering) (Nack et al., 2010). Mutation of the 111 

Cys128 homolog in GtACR1 to Ala led to a dramatic decrease in the rates of the second 112 

phase of channel closing and decay of the M intermediate of the photocycle 113 

(Sineshchekov et al., 2015; Sineshchekov et al., 2016). Expression of the 114 

GtACR1_C102A mutant in the body wall muscles of C. elegans enabled their relaxation 115 

upon illumination (Bergs et al., 2018), but this mutant had not so far been tested in 116 

mammalian neurons. 117 

In this study, we report a new ACR from the cryptophyte alga Rhodomonas 118 

salina, nicknamed RapACR, that provides 3-8-fold higher time resolution of neuronal 119 

inhibition (depending on the light intensity and membrane voltage) than the previously 120 

used GtACR2, while exhibiting a similar light sensitivity. A side-by-side test revealed 121 

that RapACR caused the same photoinduced rheobase shift at ~50 times lower light 122 

intensity than the second-generation light-gated CCR-derived Cl- channel iC++. We 123 

found that the C102A mutation increased the light sensitivity of GtACR1 ~7-fold and 124 

permitted rapid restoration of neuronal firing by a pulse of red light. These findings 125 
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provide strategies for using natural ACRs as inhibitory optogenetic tools and 126 

demonstrate their versatility. 127 

Materials and Methods 128 

Identification of ACR homologs in algal transcriptomes 129 

ACR homologs were identified by searching over 2000 transcriptomes obtained 130 

from two sequencing projects, the MMETS project (Keeling et al., 2014) and 1KP 131 

project (Matasci et al., 2014) using probabilistic inference methods based on profile 132 

hidden Markov models (profile HMMs) implemented in HMMER software (version 3.1b2; 133 

(Eddy, 2011)). HMM profiles were built from previously known ACR sequences using 134 

default parameters and refined upon functional testing of ACR homologs by 135 

electrophysiological measurements. Search procedures were automated with Python 136 

2.7 and the Biopython module (Cock et al., 2009). 137 

Molecular cloning 138 

DNA polynucleotides encoding the transmembrane domains of transcripts 139 

showing homology to previously known ACRs optimized for human codon usage were 140 

synthesized (GenScript, Piscataway, NJ) and cloned into the mammalian expression 141 

vector pcDNA3.1 (Life Technologies, Grand Island, NY) in frame with an EYFP tag for 142 

expression in HEK293 cells. The sequence information was deposited in GenBank (for 143 

accession numbers see Table 3). For expression in neurons, ACR fusion constructs 144 

were transferred to the pFUGW vector backbone (Lois et al., 2002). Mutants were 145 

generated using Quikchange XL kit (Agilent Technologies, Santa Clara, CA) and 146 

verified by sequencing. The polynucleotide sequence encoding iC++ was synthesized 147 
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(GenScript) according to (Berndt et al., 2016), fused to EYFP and cloned in the 148 

pcDNA3.1 and pFUGW vectors, as described for cryptophyte ACRs. 149 

HEK293 transfection and recording 150 

HEK293 (human embryonic kidney) cells were transfected using the 151 

ScreenFectA transfection reagent (Waco Chemicals USA, Richmond, VA). All-trans-152 

retinal (Sigma) was added at the final concentration of 4 μM immediately after 153 

transfection. Transfection with each tested ACR variant was repeated at least in three 154 

different batches of culture, and the results obtained in cells from all batches were 155 

pooled together.  156 

Photocurrents were recorded 48-72 h after transfection in the whole-cell voltage 157 

clamp mode with an Axopatch 200B amplifier (Molecular Devices, Union City, CA) using 158 

the 2 kHz low-pass Bessel filter. The signals were digitized at 5 kHz with a Digidata 159 

1440A using pClamp 10 software (both from Molecular Devices). Patch pipettes with 160 

resistances of 2-5 MΩ were fabricated from borosilicate glass. Solution compositions 161 

are listed in Table 1. A 4 M KCl bridge was used in all experiments, and possible 162 

diffusion of Cl- from the bridge to the bath was minimized by frequent replacement of the 163 

bath solution with fresh buffer. Individual transfected HEK293 cells were selected for 164 

patching by inspecting their tag fluorescence; non-fluorescent cells were excluded. 165 

Series resistance was periodically checked during recording, and experiments showing 166 

>20% increase were discarded. Data were also excluded if a gigaohm seal was lost 167 

during recording. Cells in which we could not establish a gigaohm seal were 168 

automatically excluded from measurements.  169 
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Continuous light pulses were provided by a Polychrome V light source (T.I.L.L. 170 

Photonics GMBH, Grafelfing, Germany) at the half-bandwidth 15 nm in combination with 171 

a mechanical shutter (Uniblitz Model LS6, Vincent Associates, Rochester, NY; half-172 

opening time 0.5 ms). The light intensity was attenuated with neutral density filters. The 173 

maximal available quantum density at the focal plane of the 40x objective was 174 

measured with a piezo detector and ranged from 4.6 (400 nm) to 8.5 (470 nm) mW mm-175 

2. For measurements of the dependence of photocurrents on the light intensity, the dark 176 

interval between subsequent light pulses was 30 s for all tested variants except the 177 

GtACR1_C102X mutants, for which it was 180 s because of their slow current decay. 178 

For measurements of the action spectra cells were illuminated with short (50 ms) pulses 179 

of monochromatic (half-bandwidth 10 nm) light of low intensity within the linear range of 180 

the dependence. To avoid possible adaptation during measurements, the spectral 181 

sensitivity in each cell was scanned with 10-nm intervals first from the shortest 182 

wavelength to the longest and then again in the reversed order.  183 

To determine reversal potentials, we recorded in each cell a series of 184 

photocurrent traces in response to 1-s light pulses at the holding potentials changed in 185 

20-mV increments from -60 to 60 mV at the amplifier output. The measurements were 186 

repeated first using standard solutions, and then upon partial substitution of Asp- for Cl- 187 

in the bath (see Table 1). One value of the reversal potential was obtained per one cell. 188 

All measurements were carried out at room temperature (25° C). 189 

Lentivirus production, titration and delivery 190 
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Lentivirus was produced in HEK293FT cells (Invitrogen) by triple-transfection 191 

with the plasmids pCMV-VSVG, pΔ8.9 and corresponding channelrhodopsin-EYFP 192 

fusions in the pFUGW backbone using Lipofectamine 2000 (ThermoFisher). The virus 193 

was purified from the medium by ultracentrifugation at 17,000 rpm in an SW32 rotor for 194 

2 hours. Neurons were infected with lentivirus one day after plating. Viral titers where 195 

determined by counting the percentage of fluorescent HEK293 cells in monolayers 196 

transduced with serially diluted virus preparations. The titers of concentrated virus were 197 

between 3 105 and 5 106 infectious units (IU) per ml. Neurons were transduced one 198 

day after plating with 10-100 μl of concentrated virus per slide to yield >90% of neurons 199 

to become fluorescent. 200 

Neuronal cultivation and recording 201 

E18 mouse hippocampi were purchased from BrainBits (Springfield, IL), digested 202 

by papain to release individual neurons that were then cultured on top of a glia feeder 203 

layer in NbActiv4 medium (BrainBits) supplemented with all-trans retinal (0.4 μM). 204 

BrainBits collects the brains using procedures that are approved by their Institutional 205 

Animal Use and Care Committee. Patch clamp measurements were carried out 8-14 206 

days post transduction. The same photoexcitation source and measuring setup was 207 

used as described above for HEK293 cells, except that the compositions of solutions 208 

were as listed in Table 2. 209 

Individual neurons were randomly selected for patching without inspecting their 210 

tag fluorescence. Neurons in which we could not establish a gigaohm seal or those 211 

exhibiting >20% increase in access resistance during recording were excluded from 212 
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measurements, as were those in which the seal broke during recording. Spiking was 213 

evoked by somatic current injection and recorded in current clamp mode. For 214 

measurements of the dependence of spiking probability on the light intensity, we 215 

injected 1-ms current pulses of 2.5 nA. Unless otherwise stated, the frequency of 216 

electrical stimulation was 5 Hz, because a subpopulation of rodent pyramidal 217 

hippocampal neurons generates high-frequency bursts of spikes upon injection of a 218 

single short current pulse (Graves et al., 2012), which interferes with spiking probability 219 

measurements. At 5 Hz stimulation, the membrane voltage returned to the resting level 220 

before injection of each subsequent current pulse in all tested neurons. The duration of 221 

illumination was 2 s for each ACR variant, except the slow mutant GtACR1_C102A, for 222 

which it was 17 s. To avoid possible adaptation during measurements of light sensitivity, 223 

in each neuron a series of light pulses was applied with 30-s dark intervals for all tested 224 

ACR variants, except GtACR1_C102A, for which the dark interval was 180 s, first from 225 

the lowest to the highest intensity and then again in the reversed order. For rheobase 226 

measurements neurons were injected with a current ramp (0-2 nA, 1 s) in the dark or 227 

500 ms after the onset of actinic illumination. We found that the rheobase magnitude 228 

strongly depended on the duration of cultivation (days after transduction); therefore, 229 

neuronal cultures of the matched age were used for comparisons between different 230 

rhodopsin variants. For spiking recovery measurements, a single 1-ms current pulse 231 

was applied per each recorded trace at an incrementally varied time interval after the 232 

end of a 500-ms light pulse. Measurements in each neuron started with injecting current 233 

at the time zero, i.e. at the very end of the light pulse. If its spiking was inhibited at the 234 

given light intensity, the neuron was repetitively stimulated with an incrementally 235 
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increased time interval between the light stimulus and current pulse using a 30-s dark 236 

adaptation period between subsequent traces. 237 

Immunofluorescence microscopy 238 

Hippocampal neurons at day 14 post-transduction were fixed in 4% 239 

paraformaldehyde in PBS (phosphate-buffered saline), washed, permeabilized (0.3% 240 

Triton X-100 in PBS), washed once again, and blocked with 2% goat serum in PBS for 241 

30 min. The fixed permeabilized neurons were incubated with polyclonal rabbit anti-GFP 242 

antibody (Cat. #: 132002, Synaptic Systems, Göttingen, Germany, 1:500) and either 243 

guinea pig anti-MAP2 (microtubule associated protein 2) antibody (Cat. #: 188004, 244 

Synaptic Systems, 1:1000) or mouse anti-SV2 (synaptic vesicle glycoprotein 2) antibody 245 

(Registry ID: AB 2315387, Developmental Studies Hybridoma Bank, Iowa City, IA, 246 

1:100) at 4°C overnight. For secondary staining, the preparations were incubated with 247 

Alexa Fluor 488-conjugated goat anti-rabbit antibody (Cat. #: A11034, Invitrogen) and 248 

Alexa Fluor 568-conjugated goat anti-guinea pig antibody (Cat. #: A11075, Invitrogen), 249 

or Alexa Fluor 647-conjugated goat anti-mouse antibody (Cat. #: A21236, Invitrogen) at 250 

room temperature for 1 hour, after which the samples were washed and mounted with 251 

ProLongDiamond Antifade mounting medium (Molecular Probes, Eugene, OR). Images 252 

were taken with ZEN software using an LSM 510 META laser scanning microscope 253 

(Carl Zeiss, Germany). The laser wavelengths were 488 nm (KrAr), 543nm (HeNe), and 254 

633 nm (HeNe). The emission filters LP 650, BP 490-510, and BP 560-615 were used.  255 

Data analysis 256 
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Estimation of mean photocurrent amplitudes, the degree of photocurrent 257 

inactivation, electrical charge transferred during illumination and half-rise & half-decay 258 

times. From each cell, one current trace was recorded in the voltage clamp mode, and 259 

the baseline measured before illumination was subtracted using Clampfit software (a 260 

subroutine of pClamp). The same software was used to measure the peak current 261 

amplitude with a cursor, and to measure the stationary amplitude by averaging the data 262 

points during the last 100 ms of illumination. The degree of photocurrent inactivation 263 

was calculated by subtraction of the stationary value from the peak value, division by 264 

the peak value and multiplication by 100%. The amount of charge transferred across 265 

the membrane during illumination was calculated as the area (integral) under the 266 

current trace using Clampfit software. The rise and decay of ACR photocurrents are 267 

multiexponential (Sineshchekov et al., 2015), therefore to characterize their kinetics, we 268 

calculated the half-rise and half-decay times, rather than their time constants, using 269 

Clampfit software. For each patched cell, there was one half-rise and one half-decay 270 

value. We averaged the photocurrent amplitude values, the degree of inactivation, the 271 

amount of charge and half-rise & half-decay times across all tested cells and calculated 272 

the s.e.m. (the standard error of the mean; the reported n values indicate the number of 273 

tested cells). The data points obtained in individual cells are shown in the respective 274 

figures as empty circles. 275 

Determination of the photocurrent action spectra. In each cell, a response to 276 

illumination at each wavelength was measured at least twice in a symmetrical fashion, 277 

as described above. In each trace, the initial slope of photocurrent was assessed from 278 

the mean amplitude of the signal recorded during its close to the linear rise, usually 279 
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during the first 5-15 ms depending on the current rate. The spectral data sets obtained 280 

in all scans (the number of which is indicated in the figure legend) were pooled together 281 

(because the differences between individual cells in ACR expression levels or patch 282 

parameters were not expected to influence ACR spectral properties), normalized to the 283 

maximal value and averaged to produce the mean and s.e.m. values (the reported n 284 

values indicate the number of spectral scans). The mean and s.e.m. values were then 285 

corrected for quantum density measured for each wavelength. The positions of the 286 

spectral maxima were determined using B-spline approximation of the data points in 287 

Origin 7 (OriginLab Corporation, Northampton, MA). 288 

Calculation of the reversal potentials. In each current trace from a series 289 

measured at incremental holding voltages as described above, we calculated the peak 290 

value, as described above, transferred the obtained values to Origin 7 software and 291 

plotted them against the holding potential values corrected for liquid junction potentials 292 

calculated using the Clampex built-in LJP calculator (Barry, 1994). The reversal 293 

potential (Er; the value at which the line connecting the data points crossed the X axis) 294 

was determined using Origin software. The value obtained in the standard bath was 295 

then subtracted from that in the Asp- bath thus yielding the value of the Er shift caused 296 

by Asp- substitution. For each cell, one value of the Er shift was obtained. The shift 297 

values were averaged across cells to produce the mean and s.e.m. values (the reported 298 

n values indicate the number of tested cells). The data points obtained in individual cells 299 

are shown as empty circles. 300 

Determination of spiking probability. Spiking probability was determined by 301 

counting the number of fully developed spikes (with the amplitude >95% of that in the 302 
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dark) during 2-s illumination periods using Clampfit software. For each neuron, the 303 

numbers of spikes during two illumination periods of the same intensity applied in a 304 

symmetrical fashion, as described above, were summarized, divided by the total 305 

number of applied electrical pulses (20) and multiplied by 100%. The intensity of half-306 

inhibition for the slow GtACR1_C102A mutant was calculated using the last 2 s of the 307 

17-s light pulse. For each light intensity, one percentage value was obtained for each 308 

neuron. The data were then averaged across all neurons to produce the mean and 309 

s.e.m. values (the reported n values indicate the number of tested neurons). Logistic 310 

functions were then fit to the data sets measured at each wavelength using Origin 311 

software; the fit parameters are reported in Table 4. Passive response of the membrane 312 

(recorded under complete inhibition of spiking with light) was digitally subtracted from 313 

traces shown in Figs. 3C and 6G). 314 

Rheobase measurements. Rheobase values (the amplitude of injected current at 315 

the start of the first evoked spike) were measured from the recorded traces with a 316 

cursor using Clampfit software. A single value was obtained for each tested light 317 

intensity in each neuron. Then the data were averaged across all neurons to produce 318 

the mean and s.e.m. values (the reported n values indicate the number of tested 319 

neurons). 320 

Spiking recovery analysis. For each neuron, a single series of traces was 321 

recorded for each tested light intensity, as described above. For comparison of the 322 

recovery times in neurons transfected with RapACR and GtACR2, only neurons for 323 

which 1% was the minimal light intensity that fully inhibited spiking were selected. The 324 

spike amplitude at each time point in each trace was measured using Clampfit software. 325 
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The data were averaged across neurons to produce the mean and s.e.m. values (the 326 

reported n values indicate the number of tested cells) and plotted against time using 327 

Origin software. After that, the value of the half-recovery time at each intensity was 328 

calculated for each neuron, averaged across neurons to produce the mean and s.e.m. 329 

values (the reported n values indicate the number of tested cells) and plotted against 330 

the light intensity. Passive response of the membrane (recorded under complete 331 

inhibition of spiking with light) was digitally subtracted from traces shown in Fig. 4A & B. 332 

Image analysis. To quantify RapACR membrane targeting, lines were drawn 333 

through the center of cell images, and the fluorescence density profiles were calculated 334 

and analyzed using ImageJ 1.51j8 (National Institutes of Health). Primary dendrites 335 

from randomly selected neurons were identified as MAP2-positive branches originating 336 

from the soma and crossing the circumference of the 70 μm radius. Synapses (identified 337 

by SV2 staining) were quantified using Carl Zeiss ZEN microscope software in 5 338 

randomly picked dendritic stretches (length 20 μm) and averaging them for each 339 

neuron. From each neuron, one average dendrite number and one synapse number 340 

were derived, after which these numbers were averaged across all neurons. 341 

Sample size determination. The sample size was estimated from previous 342 

experience, as recommended by the NIH guidelines (Dell et al., 2002). 343 

Randomization. We presume that animals sacrificed for isolation of neurons were 344 

randomly selected by BrainBits. HEK293 and neuronal cultures were randomly 345 

assigned to experimental groups. 346 
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Statistics. Statistical analysis was performed using IBM SPSS Statistics software, 347 

and the selection of statistical tests was based on previously published studies. 348 

Normality and equal variances of the data were not assumed, and therefore non-349 

parametric statistical tests were used; P values > 0.05 were considered not significant. 350 

For pairwise comparisons of independent data sets the two-sided Mann-Whitney test 351 

was used, and for comparisons of multiple independent data sets, the Kruskal-Wallis 352 

test with Bonferroni correction (the similarity of distributions was assessed by visual 353 

inspection of a boxplot). Full results of these tests are presented in Tables 6 & 7. When 354 

no specific statistical hypothesis was tested, descriptive statistics was reported as mean 355 

± s.e.m. values. The error bars show the s.e.m. values. The exact n numbers (the 356 

numbers of cells tested in each experiment) are indicated either in the figure legends or 357 

Table 5. 358 

Accession codes. GenBank accession codes of ACRs first reported in this paper 359 

are listed in Table 3. 360 

Data availability. All data are available from the authors upon reasonable 361 

request. Plasmids carrying functional ACR expression constructs are available through 362 

the nonprofit DNA distributor Addgene. 363 

Results 364 

Screening of ACR homologs 365 

To explore the diversity of the ACR protein family and in search of better tools for 366 

optogenetics, we identified 13 new ACRs homologs in ongoing algal transcriptome 367 

sequencing projects (Keeling et al., 2014; Matasci et al., 2014), synthesized human 368 
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codon-adapted polynucleotides encoding their transmembrane domains and expressed 369 

the resultant constructs in HEK293 cells as in-frame C-terminal EYFP (enhanced yellow 370 

fluorescent protein) fusions. The GenBank accession numbers, source organisms, 371 

transcript names and protein names abbreviated by the first letters of the genus and 372 

species names and three or four last digits of the transcript codes are listed in Table 3. 373 

Six of the tested homologs generated photocurrents in HEK293 cells. For three 374 

of the functional homologs, RsACR_665, RlACR_497 and RaACR_687, the mean peak 375 

current amplitude recorded at -60 mV with standard solutions (131 and 156 mM Cl- in 376 

the pipette and bath, respectively; for other components see Table 1) was > 10 nA, 377 

whereas the other three homologs generated modest to small photocurrents (Fig. 1A). 378 

Although RsACR_665 and RlACR_497 were isolated from different algal species, their 379 

protein sequences differed only at three residue positions. Therefore, RlACR_497 was 380 

excluded from further analysis. 381 

The spectral sensitivity of ACR homologs was determined by measuring the 382 

initial slope of current responses to 50-ms light pulses in the linear range of the intensity 383 

dependence, as described in Materials and Methods. Both RsACR_665 and 384 

RaACR_687 exhibited the spectral maxima at 520 nm (Fig. 1B); the spectral maxima for 385 

other homologs are listed in Table 3. The current decay kinetics after switching off the 386 

light was faster for both proteins than for GtACRs, and for RsACR_665, faster than for 387 

RaACR_687 (Fig. 1C). The current decay of RsACR_665 further accelerated upon 388 

reducing the light intensity or shifting the voltage to more depolarized values (Fig. 1D & 389 

E). We nicknamed RsACR_665 “RapACR” to reflect its rapid channel kinetics. 390 
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To test the channels for permeability for Cl-, this ion in the bath was partially 391 

replaced with non-permeable aspartate, and a shift of the reversal potential (Erev) was 392 

determined by measuring the current-voltage dependencies, as described in Materials 393 

and Methods. Upon such replacement, the Erev shifted to more positive values following 394 

the ECl (Fig. 1F), as has been shown for GtACRs (Govorunova et al., 2015). This 395 

observation confirmed that RapACR and RaACR_687 are anion-selective channels, as 396 

suggested by their sequence homology with earlier known cryptophyte ACRs. 397 

Comparison of RapACR with the second-generation Cl--conducting CCR mutant iC++ 398 

To compare RapACR with the second-generation Cl--conducting CCR mutant 399 

iC++ (Berndt et al., 2016) as optogenetic inhibitors, we expressed each construct under 400 

the ubiquitin promoter of the pFUGW vector (Lois et al., 2002) in cultured mouse 401 

hippocampal neurons using lentiviral delivery. RapACR showed predominantly plasma 402 

membrane localization (Fig. 2A). The ratio of the tag fluorescence in the plasma 403 

membrane to that in the cytoplasm was 13.9 ± 6.9 (mean ± s.e.m., n = 9 neurons). 404 

RapACR expression changed neither morphological nor physiological parameters of 405 

neurons in the dark, as compared to control (non-transfected) neurons (Fig. 2B-E). 406 

When tested in voltage clamp mode at the Cl- gradient typical for the neuronal 407 

soma (4 and 135 mM Cl- in the pipette and bath, respectively; for other solution 408 

components see Table 2), RapACR generated hyperpolarizing photocurrents at the 409 

holding voltages above the ECl (~-90 mV). Expression of RapACR in neurons enabled 410 

optical inhibition of their spiking (Fig. 3A-C). To determine the light sensitivity of 411 

optogenetic inhibition, virally transduced neurons were selected without regard to their 412 

tag fluorescence amplitude and stimulated by pulsed current. The probability of spiking 413 
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(i.e., the percentage of current pulses that resulted in a spike) was measured in the dark 414 

and during illumination at various wavelengths and intensities. When activated at the 415 

wavelength of their maximal spectral sensitivity (520 and 470 nm, respectively), 416 

RapACR required similar energy densities to inhibit neurons as the earlier used 417 

GtACR2 (Fig. 3D, olive and Table 4). Furthermore, spiking in RapACR neurons could 418 

be completely inhibited even with 600-nm light (i.e., a wavelength 80 nm longer than the 419 

RapACR absorption maximum) (Fig. 3D, orange). Among neurons transduced with iC++ 420 

and illuminated at the wavelength of its maximal sensitivity (488 nm), spiking was 421 

inhibited only in those with the brightest tag fluorescence, even at the highest light 422 

intensity tested.. The mean data for iC++ neurons are shown in Fig. 3D (dark cyan). We 423 

also measured the photoinduced rheobase shifts in neurons transduced with RapACR 424 

or iC++, as shown by the blue arrow in Fig 3E for RapACR. The half-maximal shift 425 

detected with iC++ was reached with RapACR at ~50-fold lower light intensity (~0.01 426 

mW mm-2) (Fig. 3F, blue arrow). 427 

Using RapACR improves the time resolution of photoinhibition 428 

GtACR2 has been shown to suppress spiking in neurons in vitro and in vivo at 429 

light intensities lower than those required by rhodopsin pumps and Cl- conducting CCR 430 

mutants (Govorunova et al., 2015; Mohammad et al., 2017; Bergs et al., 2018). 431 

However, its photocurrent decays with a time constant of ~40 ms (Govorunova et al., 432 

2015), which is too slow for temporally precise inhibition (e.g. single spike suppression) 433 

of neurons firing at high frequencies. The performance of a faster variant, ZipACR, as a 434 

neuronal silencer has only been tested at the maximal light intensity (Govorunova et al., 435 

2017b), and its light sensitivity remained unknown. We transduced neurons with the 436 
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same amount of ZipACR virus as used for RapACR, and measured the sensitivity to 437 

photoinhibition of randomly picked neurons without inspecting their tag fluorescence, as 438 

described in the previous section. We found that the sensitivity for ZipACR was ~135-439 

fold less than that for RapACR (Table 4). Thus, although ZipACR exhibits a faster 440 

channel decay than RapACR, its lower sensitivity decreases its utility as an optogenetic 441 

silencing tool as compared to RapACR. 442 

The rate of membrane repolarization after switching off the light depends not only 443 

on the rate of channel closing, but also on the photocurrent amplitude, both of which are 444 

light-dependent. We measured the light intensity dependence of the time required for 445 

spiking recovery after photoinhibition for RapACR and GtACR2. Most rodent 446 

hippocampal neurons cannot be repetitively stimulated at frequencies higher than 50 447 

Hz, although they are capable of generating short high-frequency bursts of spikes 448 

(Graves et al., 2012). To determine accurately the time required for the recovery of 449 

spiking after photoinhibition mediated by ACRs, we injected a pair of depolarizing 450 

current pulses per trace. The first pulse was applied precisely at the end of illumination 451 

to test whether spiking was inhibited at each particular light intensity. The second was 452 

injected at an incrementally varied time after switching off the light to test for spiking 453 

recovery. Figs. 4A & B show representative series of overlaid voltage traces recorded 454 

from neurons expressing RapACR or GtACR2, respectively. In both cases, the rate of 455 

recovery depended on the light intensity. Although the mean light sensitivities of 456 

neurons transduced with RapACR or GtACR2 were similar (Table 4), there was 457 

variability between individual cells. Therefore, for more accurate comparison of the 458 

recovery rates in neurons transduced with RapACR or GtACR2, we selected only those 459 
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neurons that required approximately the same threshold light intensity (1% of the 460 

maximum) of inhibition. Figs. 4C & D show the time course of spiking recovery for such 461 

neurons, and Fig. 4E, the dependence of the half-recovery time on the light intensity. 462 

RapACR enabled faster recovery than GtACR2 at all tested light intensities. At the 463 

lowest light intensity sufficient for silencing, RapACR enabled complete restoration of 464 

spiking already at 10 ms after switching off the light, whereas with GtACR2, 80 ms was 465 

required. 466 

Mutagenetic alteration of ACR photocurrent kinetics 467 

In RapACR and RaACR_687 the position of Cys-102 (GtACR1 numbering) is 468 

occupied with Thr (Fig. 5A). Replacement of this residue (Thr111) with Cys in RapACR 469 

led to acceleration of the current decay (Fig. 5B, red solid line), so that at the positive 470 

voltages its half-time approached 2 ms (Fig. 5C) matching that of ZipACR, the fastest so 471 

far found wild-type ACR (Govorunova et al., 2017b). The peak current amplitude of the 472 

T111C mutant was not significantly different from that of the wild-type RapACR (Fig. 473 

5D). The corresponding T107C mutation in RaACR_687 also accelerated the current 474 

decay (Fig. 5B, red dashed line) from t1/2 35 ± 4 ms in the wild type (n = 10 cells) to 12 ± 475 

3 ms in the mutant (n = 5 cells). 476 

Instead of precise light control in the ms time domain, some optogenetic 477 

experiments require prolonged inhibition after a short light pulse. It has been shown that 478 

substitution of Cys102 in GtACR1 with Ala leads to a dramatic extension of the second 479 

phase of the photocurrent decay (Sineshchekov et al., 2015). Upon stimulation with 480 

continuous light pulses, the amplitude of the slow decay phase in the GtACR1_C102A 481 

mutant was ~50% at the maximal intensity (Fig. 6A, red), whereas at low light intensities 482 
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this phase dominated the decay. Mutagenetic replacement of Cys102 with Thr or Ser 483 

caused a lesser effect than replacement with Ala (Fig. 6A & B). At 0.2 μW mm-2, the 484 

C102A mutant generated ~13 times larger stationary currents than the wild type (Fig. 485 

6C). For 100-s illumination, the C102A mutant required ~7 times less light than the wild 486 

type to reach the half-saturating level of charge transfer (Fig. 6D). Illumination with red 487 

light caused partial closing of the GtACR1_C102 channel (Fig. 6E). The action spectrum 488 

of channel opening (Fig. 6F, black) corresponded to the absorption spectrum of 489 

GtACR1_C102A expressed and purified from Pichia (Sineshchekov et al., 2016) and 490 

was slightly blue-shifted from that of the wild-type (the maximum at 505 vs. 515 nm). 491 

The action spectrum of channel closing peaked at 640 nm (Fig. 6F, red). 492 

Replacement of Thr111 with Ala in RapACR slowed the current decay, as did the 493 

corresponding C102 mutation in GtACR1, but the effect was much less pronounced 494 

(Fig. 7A). We also tested the corresponding Ala replacement mutants in RaACR_687 495 

and two other ACRs that generate large photocurrents, ZipACR and R2ACR_142 496 

(Govorunova et al., 2017b). The results (Fig. 7B-F) show that although the mutation led 497 

to an extension of the decay time in all tested mutants, none of them exhibited slower 498 

decay than the GtACR1_C102A mutant. Therefore, we used the latter to inhibit 499 

neuronal spiking. We cloned GtACR1_C102A in the same vector backbone as used for 500 

wild-type ACRs and expressed it in cultured mouse hippocampal neurons by lentiviral 501 

delivery. No changes in morphological or physiological parameters of neurons in the 502 

dark were detected upon GtACR1_C102A expression (Fig. 8). A brief light pulse of 503 

green (505 nm) light was sufficient to inhibit neuronal spiking for at least 10 s after 504 
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switching the light off (Fig. 6G). In neurons transduced with GtACR1_C102A, spiking 505 

was rapidly restored with a pulse of red (640 nm) light (Fig. 6G). 506 

Discussion 507 

Both natural and engineered Cl--conducting channelrhodopsins can be 508 

considered as silencing tools more physiological than rhodopsin pumps, since they 509 

“shunt” the membrane potential to the ECl (which in most neurons is close to the resting 510 

potential), and therefore prevent non-physiological changes in the intracellular Cl- 511 

concentration, which have been reported when using the Cl- pump halorhodopsin 512 

(Raimondo et al., 2012; Alfonsa et al., 2015). 513 

We show that the light sensitivity of some cryptophyte ACRs as neuronal 514 

silencers exceeds not only that of rhodopsin pumps (Govorunova et al., 2015; 515 

Mohammad et al., 2017; Bergs et al., 2018), but also that of improved, second-516 

generation engineered Cl--conducting channelrhodopsins, which makes cryptophyte 517 

ACRs the most efficient silencing tools available. When tested side-by-side, RapACR 518 

enabled complete silencing of neurons at a wavelength 110 nm more red-shifted than 519 

that of the peak absorbance of iC++, at which the latter tool failed to suppress spiking in 520 

>50% of randomly picked neurons (Fig. 3D). Engineered Cl--conducting 521 

channelrhodopsins have recently been referred to as “engineered ACRs” (“eACRs”) in 522 

the literature (Wietek et al., 2017), but this term is misleading because chlorophyte 523 

CCRs from which they were derived differ from natural cryptophyte ACRs not only in the 524 

mutated positions, but form a structurally distinct protein family (Govorunova et al., 525 

2017b). 526 
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So far, studies using GtACRs as optogenetic inhibitors of behavior have been 527 

conducted in worms (Bergs et al., 2018; Xu et al., 2018), flies (Mauss et al., 2017; 528 

Mohammad et al., 2017; Steck et al., 2018), zebrafish (Mohamed et al., 2017) and 529 

mouse (Mahn et al., 2017; Forli et al., 2018; Li et al., 2018; Mardinly et al., 2018; Wei et 530 

al., 2018). ACRs are also expected to enable silencing of all those types of mammalian 531 

neurons in which inhibition has been demonstrated with engineered light-gated Cl--532 

conducting channels (Wietek et al., 2015; Berndt et al., 2016; Iyer et al., 2016; Kim et 533 

al., 2016; Takahashi et al., 2016; Chung et al., 2017), and possibly many more. 534 

Switching to highly conductive natural ACRs as optogenetic silencing tools will help to: 535 

1) minimize light intensities and thus prevent overheating of the tissue; and 2) decrease 536 

expression levels to avoid possible detrimental effects on the physiology of recipient 537 

cells, as compared to other available tools.  538 

The kinetics of channel closing of GtACRs enables single-spike suppression in 539 

neurons firing at moderate rates (Govorunova et al., 2015), but limits temporal precision 540 

of spike suppression in neurons spiking at high frequencies. Faster natural ACRs that 541 

generate comparably large photocurrents, such as ZipACR (Govorunova et al., 2017b) 542 

or RapACR reported here, are capable of single-spike suppression even in high-543 

frequency firing neurons. The theoretically estimated upper limit of firing frequency at 544 

which precise neuronal silencing with ZipACR is possible is 200 Hz, which, however, 545 

has not yet been confirmed experimentally (Govorunova et al., 2017b). Although 546 

ZipACR and RapACR generated equally large photocurrents in HEK293 cells 547 

((Govorunova et al., 2017b) and this study, respectively), ZipACR required much more 548 

light to inhibit cultured mammalian neurons than RapACR or GtACR2 (Table 4). The 549 
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latter observation is consistent with the data obtained in C. elegans muscles, where the 550 

performance of ZipACR was also inferior to that of GtACR2 (Bergs et al., 2018). This 551 

discrepancy between the results obtained with the same tool in different cell types 552 

emphasizes the importance of cell-specific tool testing. 553 

The limit for silencing with RapACR that we determined by measuring the 554 

recovery rate at the minimal light intensity sufficient to fully suppress spiking is at least 555 

100 Hz (Fig. 4), and this number may be an underestimate because we measured the 556 

recovery only in 5-ms time increments. Further acceleration of ACR channel kinetics, 557 

and thereby, a further increase in temporal precision of inhibition, can be achieved by 558 

site-directed mutagenesis, as we show here for the RapACR_T111C mutant (Fig. 5). 559 

Importantly, fast cryptophyte ACRs permit temporally precise neuronal silencing at low 560 

light intensities, in contrast to rhodopsin pumps that also generate fast photocurrents 561 

but require strong light. However, when temporally precise photoinhibition using ACRs 562 

is needed, it is important to take into consideration that the time required for spiking 563 

recovery after photoinhibition depends on the light intensity and is minimal at the 564 

minimal intensity sufficient to suppress spiking (Fig. 4E). Improved temporal resolution 565 

can also be achieved by reducing ACR expression level (although this will also lead to 566 

reduction of the light sensitivity). 567 

ACRs with dramatically extended channel opening time could be engineered to 568 

boost their light sensitivity and convert them to step-function tools (Fig. 6). Despite only 569 

partially overlapping residue conservation patterns between ACRs and CCRs 570 

(Govorunova et al., 2017a), the C102 position in GtACR1 (corresponding to Cys128 in 571 

CrChR2) appears to be a common regulator of channel kinetics in both 572 
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channelrhodopsin families. GtACR1_C102A functions as a bistable photochromic “step-573 

function” tool for spike inhibition as does CrChR2_C128A for spike generation. 574 

Natural ACRs and their mutants reported here enable efficient neuronal silencing 575 

on time scales both shorter and longer than that currently available, which widens the 576 

range of potential applications of these powerful optogenetic silencing tools. 577 
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Figure Legends 731 

Figure 1. Screening of ACR homologs. A, The amplitude of photocurrents 732 

generated by tested ACR homologs expressed in HEK293 cells in response to the first 733 

pulse of continuous light at the wavelength of the maximal sensitivity for each homolog 734 
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(Table 3) at -60 mV at the amplifier output in standard solutions. The stationary current 735 

was measured at the end of a 1-s light pulse. The data are the mean values ± s.e.m. (n 736 

= 3-10 cells; for exact numbers see Table 5). The data obtained in each individual cell 737 

are shown as empty circles. B, The action spectra of photocurrents generated by 738 

RapACR (RsACR_665) and RaACR_687. The data are the mean values ± s.e.m. (n = 4 739 

and 8 scans, respectively). C, The kinetics of the photocurrent decay after switching off 740 

the continuous light (1 s duration) at -60 mV. D, The dependence of the normalized 741 

peak amplitude, inactivation and half-decay time of RapACR photocurrents recorded in 742 

response to 1-s pulses of 520-nm light on the stimulus intensity. The data points are 743 

mean ± s.e.m. (n = 5 cells). E, The dependence of the peak amplitude (red) and half-744 

decay time (blue) of RapACR photocurrents on the holding voltage corrected for the 745 

liquid junction potential. Filled symbols, solid lines, measurements using standard 746 

HEK293 solutions (Table 1); empty downward triangles, dashed line, measurements 747 

using neuronal solutions (Table 2). The data points are mean ± s.e.m. (n = 6 cells). F, 748 

The shifts of the reversal potential upon partial replacement of Cl- with Asp- in the bath. 749 

The data are the mean values ± s.e.m. (n = 3 and 5 cells for RapACR and RaACR_687, 750 

respectively). 751 

Figure 2. RapACR expression does not change morphological and physiological 752 

parameters of neurons. A, Immunofluorescent images of neurons transduced with 753 

RapACR_EYFP fusion (top row) or control (non-transduced) neurons (bottom row) and 754 

stained with antibodies against EYFP (green channel), MAP2 (microtubule associated 755 

protein 2) as the dendrite marker (red channel), and SV2 (synaptic vesicle protein 2) as 756 

the synapse marker (blue channel). Scale bar, 20 μm. B & C, The number of dendrites 757 
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per neuron and synapses per dendritic length of 20 μm, respectively. The data points 758 

are mean ± s.e.m. (n = 10 and 7 cells for RapACR and control, respectively). D & E, 759 

The resting potential (abbreviated as “rest. pot.” on the Y axis in panel D) and rheobase 760 

in the dark. The data points are mean ± s.e.m. (n = 9 and 13 cells for RapACR and 761 

control, respectively, tested 8-14 days after transduction). Statistical significance was 762 

tested by the Mann-Whitney test (see full results in Table 6). 763 

Figure 3. RapACR is more efficient for neuronal silencing than the second-764 

generation engineered Cl--conducting channelrhodopsin iC++. A & B. Photoinhibition of 765 

spiking in a neuron expressing RapACR at two different light intensities. Spiking was 766 

induced by depolarization of the membrane by prolonged current injection as shown at 767 

the bottom. The time course of illumination is shown as green bars on top. C, A 768 

representative voltage trace recorded from a neuron expressing RapACR and 769 

stimulated with a train of 1-ms pulses of 2.5 nA delivered at 25 Hz. The time course of 770 

illumination is shown as a green bar. D, The dependence of neuronal inhibition on the 771 

light intensity for RapACR and iC++ photoactivated at different wavelengths. The data 772 

points are mean ± s.e.m. (n = 15 and 14 neurons for RapACR and iC++, respectively) 773 

approximated with a logistic function; fitting parameters are listed in Table 4. E, Voltage 774 

traces recorded from a neuron transduced with RapACR and stimulated with a 775 

depolarizing current ramp (0-2 nA, 1s; bottom trace) injected 500 ms after the onset of 776 

illumination (red) or in the dark (black). The blue arrow shows the photoinduced 777 

rheobase shift (RS). F, The dependence of the rheobase shift on the light intensity in 778 

neurons transduced with RapACR or iC++. The current ramp was from 0 to 2 nA in 1 s. 779 

The blue arrow shows the difference in the light sensitivity between the two tested 780 
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channels. The data points are mean ± s.e.m. (n = 9 and 6 neurons for RapACR and 781 

iC++, respectively). 782 

Figure 4. Using RapACR improves temporal resolution of neuronal silencing. A 783 

& B, Representative series of overlaid voltage traces recorded from neurons expressing 784 

RapACR or GtACR2, respectively, illuminated for 500 ms (the end of the light pulse is 785 

shown as a colored bar on top) at 520 or 470 nm, respectively, and stimulated with 786 

injection of a pair of 1-ms current pulses, the first of which was applied at the end of 787 

illumination, and the second of which, at an incrementally increased time after switching 788 

off the light (the injection protocols are schematically drawn at bottom; for GtACR2, only 789 

the first six protocols are shown). C & D, The time course of recovery of spiking after 790 

illumination measured as shown in panels A & B for cells that could be inhibited with 1% 791 

light intensity. The data points are the mean values ± s.e.m. (n = 10 and 8 neurons for 792 

RapACR and GtACR2, respectively). E, The dependence of the time of 50% recovery of 793 

spiking on the light intensity calculated from the same cells as in C & D. *P < 0.001 794 

(pairwise comparison of RapACR and GtACR2 data at each intensity by the Mann-795 

Whitney test; see full statistics in Table 6). Data obtained in each individual neuron are 796 

shown as empty circles. 797 

Figure 5. Characterization of the fast RapACR_T111C and RaACR_687_T107C 798 

mutants. A, A ClustalW alignment of the 3d transmembrane helix around the Cys-128 799 

position (CrChR2 numbering) from indicated ACRs. The Thr residues found in this 800 

position are highlighted red, Cys residues, yellow. B, Normalized photocurrent decay 801 

after 1-s illumination recorded from wild-type RapACR (black, solid) and RaACR_687 802 

(black, dashed), and the corresponding T111C (red, solid) and T107C (red, dashed) 803 
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mutants. C, The dependence of the half-decay time of RapACR_T111C photocurrent on 804 

the holding voltage corrected for the liquid junction potential. The data points are the 805 

mean ± s.e.m. (n = 4 cells). D, Peak photocurrent amplitude at -60 mV. The wild-type 806 

data are from Fig. 1A, the data for RapACR_T111C are the mean values ± s.e.m. (n = 8 807 

cells). Statistical significance was tested by the Mann-Whitney test (see full results in 808 

Table 6). The values obtained in individual cells are shown as open circles. 809 

Figure 6. Characterization of the GtACR1_C102X mutants and the use of 810 

GtACR1_C102A as a bistable photochromic silencing tool. A, Normalized photocurrent 811 

traces recorded at -60 mV in HEK293 cells. B, The half-time of the slow decay phase. 812 

The data are mean ± s.e.m. (n = 4-12 cells; for exact numbers see Table 5). *P < 0.05, 813 

**P = 0.01; Kruskal-Wallis test with Bonferroni correction; see Table 7 for full statistics. 814 

C, The amplitudes of stationary photocurrents in HEK293 cells at -60 mV after 200 s 815 

illumination. The wavelengths were 515 and 505 nm for GtACR1 and GtACR1_C102A, 816 

respectively. The data are mean ± s.e.m. (n = 13 and 12 cells, respectively). *P < 0.001; 817 

Mann-Whitney test; see Table 6 for full statistics. D, The dependence of electrical 818 

charge transferred across the membrane during 100-s illumination at -60 mV. The data 819 

are mean ± s.e.m. (n = 5 and 6 cells for GtACR1 and GtACR1_C102A, respectively). 820 

The fitting parameters are listed in Table 4. E, Opening and partial closing of 821 

GtACR1_C102A with light at -60 mV. F, The action spectra of GtACR1_C102A opening 822 

and closing. The data points are mean ± s.e.m. (n = 8 scans). G, Bidirectional optical 823 

control of neuronal spiking with GtACR1_C102A. In panels B–D, also the data obtained 824 

in each individual cell are shown as empty circles. 825 
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Figure 7. Biophysical characteristics of slow ACR mutants. A-D, Normalized 826 

photocurrent decay after 1-s illumination recorded from wild-type ACRs (black) and their 827 

respective mutants in which the residue homologous to Cys-102 (GtAR1 numbering) 828 

was mutated to Ala (red). E & F, Photocurrent half-decay times (E) and peak 829 

photocurrent amplitudes (F) measured in wild-type ACRs and their indicated mutants. 830 

The data points are mean ± s.e.m. (n = 5-12 cells; exact numbers see in Table 5). 831 

Figure 8. GtACR1_C102A expression does not change morphological and 832 

physiological parameters of neurons. A, Immunofluorescent images of neurons 833 

transduced with GtACR1_EYFP fusion (odd rows) or control (non-transduced) neurons 834 

(even rows) and stained with antibodies against EYFP (green channel), MAP2 835 

(microtubule associated protein 2) as the dendrite marker (red channel), and SV2 836 

(synaptic vesicle protein 2) as the synapse marker (blue channel). Scale bar, 20 μm. B 837 

& C, The number of dendrites per neuron and synapses per dendritic length of 20 μm, 838 

respectively. The data points are mean ± s.e.m. (n = 17 and 24 cells for 839 

GtACR1_C102A and control, respectively). D & E, The resting potential (abbreviated as 840 

“rest. pot.” on the Y axis in panel D) and rheobase in the dark. The data points are 841 

mean ± s.e.m. (n = 10 and 13 cells for GtACR1_C102A and control, respectively, tested 842 

8-14 days after transduction). Statistical significance was tested by the Mann-Whitney 843 

test (see full results in Table 6). 844 

Table Legends 845 

Table 1. Compositions of pipette and bath solutions and liquid junction potentials 846 

in experiments with HEK293 cells. Abbreviations: Asp, aspartate; EGTA, ethylene glycol 847 
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tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; LJP, liquid 848 

junction potential. All concentrations are in mM. 849 

Table 2. Compositions of pipette and bath solutions and liquid junction potentials 850 

in experiments with neurons. Abbreviations: HEPES, 4-(2-hydroxyethyl)-1-851 

piperazineethanesulfonic acid; LJP, liquid junction potential. All concentrations are in 852 

mM. 853 

Table 3. Protein name abbreviations, GenBank accession numbers, source 854 

organisms, transcript names and maxima of photocurrents action spectra of ACR 855 

homologs tested in this study. *Transcripts from the MMETS project. 856 

#Transcripts from the 1KP project. 857 

Table 4. Numerical parameters of logistic function fitting to the light sensitivity 858 

data. 859 

Table 5. Numbers of independent tests (n values). 860 

Table 6. Results of independent-samples Mann-Whitney tests. 861 

Table 7. Results of independent-samples Kruskal-Wallis test with Bonferroni 862 

correction. 863 
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# 
Protein name 

abbreviation 
Accession Organism Transcript name 

Spectral 

max. 

(nm) 

1 C1ACR_561 MG831198 

Chroomonas 

sp. 

(CCMP2293) 

CAMNT 

0022335561* 
N/A 

2 GcACR_197 MG831184 Geminigera 

cryophila 

(CCMP2564) 

CAMNT 

0021184197* 
N/A 

3 GcACR_201 MG831185 
CAMNT 

0021188201* 
N/A 

4 HpACR_213 MG831186 
Hanusia phi 

(CCMP325) 

CAMNT 

0009606213* 
N/A 

5 HaACR_359 MG831187 

Hemiselmis 

andersenii 

(CCMP1180) 

CAMNT 

0009587359* 
N/A 

6 HrACR_495 MG831188 

Hemiselmis 

rufescens 

(PCC563) 

CAMNT 

0014430495* 
N/A 

7 PsuACR_353 MG831189 

Proteomonas 

sulcata 

(CCMP704) 

CAMNT 

0026606353* 
520 

8 RaACR_687 MG831190 
Rhodomonas 

abbreviata 

CAMNT 

0023412687* 
520 



 

 2 

(Caron Lab 

isolate) 

9 RlACR_497 MG831191 

Rhodomonas 

lens 

(RHODO) 

CAMNT 

0019250497* 
520 

10 RapACR/RsACR_665 MG831192 

Rhodomonas 

salina 

(CCMP1319) 

CAMNT 

0012765665* 
520 

11 R1ACR_653 MG831193 Rhodomonas 

sp. 

(CCMP768) 

CAMNT 

0049478653* 
470 

12 R1ACR_6367 MG831194 
CAMNT 

0049496367* 
480 

13 R2ACR_041 MG831197 

Rhodomonas 

sp. 

(CCAC1630) 

IAYV-2051041# N/A 
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Fig. 

# 

Data set x0 x0 error p p error Chi2/DoF R2 

3B RapACR @ 

520 nm 

0.02376 0.00041 2.86833 0.22156 1.47822 0.99949 

3B RapACR @ 

600 nm 

0.36375 0.00229 3.05385 0.03368 0.11346 0.99996 

3B iC++ @ 488 

nm 

0.33928 0.02383 2.0744 0.27267 1.57038 0.99746 

6D GtACR1_C

102A 

0.00047 0.00002 1.05893 0.04073 2.29911 0.99822 

6D GtACR1 0.00299 0.00021 1.51384 0.14325 0.00101 0.99251 

N/A GtACR2 @ 

470 nm 

0.02948 0.00176 2.00325 0.23583 10.68705 0.99553 

N/A ZipACR @ 

520 nm 

3.2183 0.31733 1.47268 0.20552 19.85807 0.98616 
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Fig. # Variant n 
1A RsACR_665 8 

RlACR_497 4 
RaACR_687 10 
R1ACR_653 4 
R1ACR_6367 5 
PsuACR_353 3 

6B GtACR1 12 
GtACR1_C102T 13 
GtACR1_C102S 7 
GtACR1_C102A 3 

7E RaACR_687 10 
R2ACR_142 12 
RapACR 5 
ZipACR 8 
RaACR_687_T107A 5 
R2ACR_142_C102A 6 
RapACR_T111A 5 
ZipACR_C119A 7 

7E RaACR_687_T107A 5 
R2ACR_142_C102A 6 
RapACR_T111A 7 
ZipACR_C119A 7 
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Fig. 
# 

Varian
t 

To
tal 

Mann-
Whitney 

U 

Wilcoxon 
W 

Test 
statistic 

Standa
rd error 

Stand. 
test 

statisti
c 

Asym
ptotic 
Sig. 
(2-

sided 
test) 

Exact 
Sig. 
(2-

sided 
test) 
(P 

value) 
4E 0.2 

(0.3) 
18 80.000 116.000 80.000 10.865 3.682 0.000 0.000 

0.7 
(0.8) 

18 80.000 116.000 80.000 11.179 3.578 0.000 0.000 

2.3 
(2.7) 

18 80.000 116.000 80.000 11.050 3.620 0.000 0.000 

7.3 
(8.5) 

18 80.000 116.000 80.000 10.978 3.644 0.000 0.000 

5D  16 17.000 53.000 17.000 9.522 -1.575 0.115 0.130 

6C  25 152.000 230.000 152.000 18.385 4.025 0.000 0.000 
2 B 17 20.000 48.000 20.000 10.190 -1.472 0.141 0.161 

C 17 29.000 57.000 29.000 10.197 -0.588 0.556 0.601 
D 22 43.500 134.500 43.500 14.941 -1.004 0.315 0.324 
E 22 74.500 165.500 74.500 14.971 1.069 0.285 0.292 

8 B 41 186.500 339.500 186.500 37.247 0.470 0.638 0.668 
C 41 212.000 365.000 212.000 37.649 0.212 0.832 0.870 
D 23 57.000 148.000 57.000 16.069 -0.498 0.619 0.648 
E 23 67.000 158.000 67.000 16.125 0.124 0.901 0.927 
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Fig. # Variant Test statistics Standard 
error 

Standardized 
test statistics 

Sig. 

6B C102T vs. WT -12.500 4.102 -3.047 0.002 
C102S vs. WT -13.500 3.637 -3.712 0.000 
C102A vs. WT -18.500 4.936 -3.748 0.000 

 


