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Chrimson is cation-conducting channelrhodopsin (CCR) with the most red-shifted absorption spectrum,
rendering itself as one of the most promising optogenetic tools. However, the molecular mechanisms underlying its
red-shifted absorption have not been completely clarified yet. Here, we found a CCR gene showing high sequence
similarity to Chrimson from Lake Hula through freshwater metatranscriptome sampling. Interestingly, despite its
high similarity to Chrimson, this CCR—named HulaChrimson—showed significantly blue-shifted action and
absorption spectra compared to those of Chrimson. Mutations of amino acid residues, which are prominently
different from those in Chrimson, in HulaChrimson did not reproduce the red-shifted absorption of Chrimson,
suggesting the color-tuning between these proteins achieved by organizing the entire protein architecture,
particularly in the broad hydrogen bonding network around the retinal Schiff base counterion, rather than by the
difference in several specific residues. The optical characteristics of HulaChrimson distinct from those of Chrimson
provide a basis for understanding the color-tuning mechanisms of channelrhodopsins.
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d Significance »

A channelrhodopsin named HulaChrimson, having an amino-acid sequence highly similar to that of Chrimson, was
found through a freshwater metatranscriptome sampling. Interestingly, HulaChrimson exhibits action and
absorption spectra significantly blue-shifted from those of Chrimson. The large difference in the absorption spectra
between HulaChrimson and Chrimson along with their similar amino acid sequences provide us a basis for
understanding the mechanisms underlying the color-tuning among channelrhodopsins.

Introduction

Microbial rhodopsins are photoreceptive membrane proteins using an all-frans-retinal (ATR) chromophore incorporated
in a seven or eight-transmembrane helical architecture [1-3]. While microbial rhodopsins elicit a variety of biological
functions in a light-dependent manner, channelrhodopsins (ChRs) function as light-gated ion channels [4,5]. These
proteins are classified into four distinct groups: (1) cation-conducting ChRs from chlorophytes (chlorophyte CCR) and
(2) cryptophytes (cryptophyte CCR), (3) microbial rhodopsins from giant viruses, including cation-conducting ChRs and
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outward proton pumps (viral thodopsins), and (4) anion-conducting ChRs (ACRs) from diverse algae, protists, and giant
viruses (Figure 1A). Based on their amino acid sequence similarity to proton-pumping rhodopsins, including
bacteriorhodopsin from Halobacterium salinarum (HsBR), cryptophyte CCRs are also referred to bacteriorhodopsin-like
CCRs or pump-like CCRs. These ChRs are used in optogenetics to optically control the activity of excitable cells including
neurons or intracellular ion balance in plant cells [6-9]. While channelrhodopsin-2 from Chlamydomonas reinhardtii
(CrChR2) is being most widely used, CrChR2 has several characteristics—short wavelength absorption, low ion
conductance, significant desensitization upon prolonged illumination and so on—which are not suitable for its usage as
an optogenetic tool. To solve these limitations, ChRs showing better molecular properties have been explored through
genome mining and artificial protein engineering [10-21]. Among them, Chrimson from Chlamydomonas noctigama has
been known for its most red-shifted absorption as CCR, whose action spectrum of photocurrent peaks at 590 nm [22-24].
Since long-wavelength light causes less photo damage and is less scattered by biological tissues, enabling penetration into
deeper tissues, the red-shifted absorption of Chrimson is highly useful for optogenetics.
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Figure 1 Phylogenetic analysis and structural features of HulaChrimson.

(A) The phylogenetic tree of representative ion-pumping rhodopsins, channelrhodopsins, viral rhodopsins, heliorhodopsin,
and HulaChrimson. The phylogenetic tree was inferred using the neighbor-joining method of MEGA 6 software. The
positions of amino acids in TM1 and TM2 were manually corrected based on the X-ray crystallographic structures. (B)

Schematic illustration of HulaChrimson structure based on AlphaFold 3 prediction. The position of ATR is shown based
on the X-ray crystallographic structure of Chrimson (PDB ID: 5ZIH [24]) (C) Amino acid sequence alignment of
HulaChrimson with HsBR, CrChR2, and Chrimson. The amino acids are colored according to their chemical properties:

hydrophobic aliphatic residues and Gly (white); hydroxyl group-bearing aliphatic residues, Asn, and Gln (green); acidic

residues (red); basic residues (blue); sulfur-containing residues (orange); proline (light gray); aromatic residues (gray).

The positions of TMs were indicated by colored rectangles, based on the X-ray crystallographic structure of Chrimson
(PDB ID: 5ZIH [24]). The TM3 motif residues and the lysine residue in TM7 binding to the retinal chromophore are

shown by blue diamonds and a green star, respectively.

In this study, we found a new channelrhodopsin-like gene through freshwater metatranscriptomic sampling in Lake Hula,

Israel. We biophysically characterized this protein by heterologously expressing in mammalian cells and compared its
characteristics with those of Chrimson to clarify the color tuning mechanisms in these proteins.
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Materials and methods

Sampling, RNA extraction, and metatranscriptome assembly

The details of metatranscriptome sampling was reported previously [25]. Peat lake sampling was performed on February
23rd, 2021 in The Hula Nature Reserve, Israel (33°04'33.8"N 35°36'40.8"E). 20 L of water from the surface and 0.5 m
depth was filtered through a 50 pm mesh net to remove large particles, filtered onto a GF/D filter (Whatman), and flash-
frozen using liquid nitrogen on-site.

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

De-Novo assembly was done post trimming (Trimgalore; v. 0.6.6) [26], Cutadapt v. 3.4 [27] with MEGAHIT (v. 1.2.9)
[28] and then clustered to reduce redundancy with cd-hit-est v. 4.8.1 [29]. An initial rhodopsin screening was done with
HMMsearch (v. 3.3.2) [30] with the microbial rhodopsin profiles from https://github.com/Bejal.ab/RhodopsinProfiles.

DNA constructs for electrophysiology

The sequence of full-length HulaChrimson was cloned into pCMV3.0-enhanced fluorescent yellow protein (EYFP)
vector (Supplementary Table S1). The QuikChange® site-directed mutagenesis method (Agilent Technologies, CA) was
employed for point mutations. The sequences of primers used for site-directed mutagenesis are listed in Supplementary
Table S2.

UV-visible spectroscopy

Cell culture and transfection for UV—visible spectroscopy were performed following the procedure outlined in previous
studies [31]. COS-1 cells (cell line: JCRB9082; Japanese Collection of Research Bioresources Cell Bank, Japan) were
transfected using the polyethyleneimine method [32]. The following day, the cells were supplemented with 2.5 uM ATR
and harvested 48 hours after transfection. The cell membranes were solubilized with a buffer containing 66.5 mM
phosphate (pH 7.0), 133 mM NaCl, and 3% n-dodecyl-B-D-maltoside. After centrifugation (21,600 xg, 10 min, 20 °C),
the supernatant was collected and used to measure the UV—visible absorption spectra using a spectrophotometer (V-730,
JASCO, Japan). Rhodopsin was bleached via hydrolysis of the Schiff-base linkage of the retinal chromophore using
hydroxylamine (50 mM, final concentration) under visible light from a 1-kW Xe lamp (MAX-303, Asahi Spectra, Japan)
through a long-pass filter (Y52, AGC Techno Glass, Japan). Difference spectra were obtained by subtracting the post-
illumination spectra from the pre-illumination spectra.

Cell culture and transfection for electrophysiology

ND7/23 cells, which are hybrid cell lines derived from neonatal rat dorsal root ganglia neurons fused with mouse
neuroblastoma, were cultured in Dulbecco’s modified Eagle’s medium (D-MEM, FUJIFILM Wako Pure Chemical Co.,
Japan) supplemented with 5% fetal bovine serum (FBS) and maintained under a 5% CO; atmosphere at 37 °C. ND7/23
cells were plated onto collagen-coated 12-mm coverslips IWAKI, cat. 4912—-010, Japan) placed in a 4-well cell culture
plate (SPL Life Sciences, cat. 30004, Korea). The expression plasmids were transfected into ND7/23 cells using
Lipofectamine® 3000 transfection reagent (Thermo Fisher Scientific Inc., MA). Six to seven hours after the transfection,
the medium was replaced with D-MEM containing 10% horse serum (New Zealand origin, Thermo Fisher Scientific Inc.,
MA), 50 ng/mL nerve growth factor-7S (Sigma-Aldrich, MO), 1 mM N6,2"-O-dibutyryladenosine-3',5'-cyclic
monophosphate sodium salt (Nacalai Tesque, Japan), 1 pM cytosine-1-B-D(+)-arabinofuranoside (FUJIFILM Wako Pure
Chemical Co., Japan), and 2.5 uM ATR (Toronto Research Chemicals, ON, Canada). Electrophysiological recordings
were performed 2-3 days after transfection. The transfected cells were identified by observing the EYFP fluorescence
using an upright microscope (BX50WI, Olympus, Japan).

Electrophysiology

All experiments were performed at 20-22 °C. Currents were measured using an EPC-8 amplifier (HEKA Electronic,
Germany) with a whole-cell patch clamp setup. The data were filtered at 1 kHz, sampled at 50 kHz (Digidatal440 A/D,
Molecular Devices, CA), and saved to a computer (pClamp11.1, Molecular Devices, CA).

The standard internal pipette solutions for the whole-cell voltage clamp recordings from the ND7/23 cells contained 120
mM NaOH, 90 mM glutamate, 2.5 mM MgCl,, 5 mM Na,EGTA, 45 mM HEPES (pH 7.4 adjusted with HCI), 2.5 mM
Mg-ATP. The standard extracellular solution contained 138 mM NaCl, 3 mM KCI, 2.5 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES (pH 7.4 adjusted with HCI), 4 mM NaOH, and 11 mM glucose.

In the ion selectivity measurements, the extracellular solution consisted of 146 mM NaCl or KCI, 6 mM N-methyl-D-
glucamine (NMG), 2.5 mM CaCl,, 10 mM HEPES (pH 7.4, adjusted with HCI), and 11 mM glucose. The NMG-
extracellular solution consisted of 146 mM NMG, 146 mM HCI, 2.5 mM CaCl,, 10 mM HEPES (pH 7.4, adjusted with
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NMG), and 11 mM glucose. The NMG-pipette solution consisted of 130 mM NMG, 90 mM glutamate, 6 mM
(NMG),EGTA, 50 mM HEPES (pH 7.4, adjusted with HSO4), 2.5 mM MgSOs, 2.5 mM MgATP, and 2.5 pM ATR. The
liquid junction potentials (LJPs) were calculated by pClamp 11.1 software based on the compositions of extracellular and
pipette solutions, and intrinsic reversal potentials (E,.,,) were determined by correcting apparent reversal potentials (Ey.! )
using calculated LIPs as follows:

Erev = E;lel;p - L]P

For measuring the pH dependence of the I~V curve, the components of the extracellular solutions were based on the
standard extracellular solution described above, with 10 mM HEPES replaced by 2-morpholinoethanesulfonic acid (MES)
at pH 6.0, or by N-cyclohexyl-2-aminoethanesulfonic acid (CHES) at pH 9.0. For whole-cell voltage clamp, illumination
at wavelengths of 377 &+ 25, 438 + 12, 472 + 15, 510 £ 5, 542 + 13, 575 £ 12, or 643 £ 10 nm was provided using a
SpectraX light engine (Lumencor Inc., OR), controlled by pClamp 11.1 software. The membrane potential was set to —40
mV, and multiple light exposures with varying intensities of 510-nm light were applied. The light intensity at which the
current reached half of the maximum current indicated by rhodopsin was used as the light intensity for the action spectrum.
The action spectrum was measured with light intensities in the range of 1.50-1.59 mW/mm?, and the membrane potential
was set to —40 mV.

Results

Electrophysiological characterization of HulaChrimson

A phylogenetic analysis suggests that the amino acid sequence of the new rhodopsin gene sampled in Lake Hula is highly
similar to that of Chrimson (Accession number: AHH02126) [22] in the chlorophyte CCR clade (Figure 1A, 1B). The
sequence identity and homology between these two proteins, except for their highly diversified N- and C-termini, are
53.8% and 74.6%, respectively (Figure 1C and Supplementary Figure S1), placing them in proximity in the phylogenetic
tree (Figure 1A). Based on the high similarity of its primary sequence to Chrimson, we named this newly discovered
rhodopsin from Lake Hula as “HulaChrimson”. The Alphafold 3 [33] predicted structure of HulaChrimson exhibits seven
transmembrane architecture (TM1-TM?7) and B-strand in the first extracellular loop and the C-terminus, which is also
highly similar to those of Chrimson (PDB ID: 5ZIH [24]) (Figure 1B).

To electrophysiologically characterize the ion-transporting properties of HulaChrimson, the protein C-terminally fused
with EYFP and expressed in ND7/23 cells exhibited fluorescence from the outlines of the cell (Figure 2A). The lack of
significant fluorescence of EYFP inside the cells indicates that HulaChrimson is almost exclusively localized in the plasma
membranes, which is beneficial for optogenetics application.

Upon 510-nm light illumination, an inward photocurrent was observed at —80 mV holding potential (Figure 2B). The
photocurrent intensity was decreased along with raising the holding potential, and it reverted to the positive current with
a reversal potential (Erv) = —1.1 £ 1.8 mV (mean + S.E.). While E., was significantly shifted toward a negative value
(Erev =—21 £ 4 mV) upon replacing the standard bath solution with an NMG" bath solution (Figure 2B), it exhibits a more
pronounced negative shift when the extracellular pH is increased from pH 6 to pH 9 (Figure 2C, and Supplementary Table
S3). Additionally, inner and outer currents became larger at pH 6 and pH 9 compared to those at pH 7.4, respectively.
These results indicate that HulaChrimson efficiently transports protons like Chrimson [23,34]. While the increased inward
currents at pH 6 on the extracellular side can be attributed to the higher proton concentration compared to that on the
intracellular side, the markedly increased outward photocurrents at pH 9—with a pipette solution identical to that used in
the experiment at pH 7.4—suggest that the conductance of HulaChrimson is enhanced under extracellular alkaline
conditions. The I~V curve recorded in the NMG" bath solution does not exhibit significant rectification at identical
extracellular and intracellular pH, which is also similar to that observed in Chrimson [23,34] (Figure 2B). Since there is a
significant difference in Erv between bath solutions containing only Na*, K" or NMG* (1.3 + 1.8 mV, —9.1 £ 1.3 mV,
and —21.5 £ 1.8 mV, respectively) (Supplementary Figure S2, and Supplementary Table S3), these results indicate that
Na* and K" are also transported by HulaChrimson. Using the Goldman—Hodgkin—Katz (GHK) equation,

RT

—In(

F

Px[X*]o+Pu[H]o

Abrev = Pu[H*]

)

and the difference in Ery values (AEry), the relative cation selectivities of HulaChrimson for Na* and H and for K* and
H* were determined as Pyg,/Pys = 1.02731€ X 107® and Py, /Py, = 0.43%333 x 107® | respectively. This
Pyg+/Pysvalue is markedly higher than that of Chrimson (Pyg4/Pys = 0.07 X 1076 [34]), indicating the cation-

transport pathway in HulaChrimson is not as highly proton-selective as Chrimson.
The photocurrent decay following light cessation was fitted with a double-exponential function characterized by two
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time constants, ot fast and ofrsiow (Supplementary Table S4). The tofr st and tofrsiow values of the HulaChrimson WT, 28.3
+ 0.3 ms and 432 £ 5 ms at +60 mV holding potential, respectively, are similar to the channel-closing time of Chrimson
[22-24,34]. Interestingly, the channel-closing decelerated at higher pH (Figure 2C), which is also similar to that observed
for Chrimson, indicating the channel-closing mechanism coupled with proton concentrations is conserved between these
two proteins [22-24,34].

Then, we investigated the light-intensity dependence of the photocurrents of HulaChrimson. While the rise in
photocurrents was accelerated by increasing light intensity, a gradual decrease in photocurrents during the illumination
period was observed at intensity > 0.2 mW/mm? (Supplementary Figure S3). This prolonged decrease in photocurrents
without sharp peak currents, which are typically seen in many chlorophyte CCRs [21,22,35], under highly conductive
conditions with strong light is likely due to changes in intracellular pH through the H* channel activity of HulaChrimson
as observed for Chrimson [34].
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Figure 2 Electrophysiological characterization of HulaChrimson expressed in ND7/23 cells.

(A) Fluorescence image of HulaChrimson, which is labeled with EYFP (Scale bar = 20 um), expressed in ND7/23 cells.
(B) The I-V plots of HulaChrimson photocurrents with standard (black) and NMG" (red) bath solutions (mean + S.E.,
n=15). (C) The I-V plots of HulaChrimson photocurrents at different extracellular pH (mean + S.E., n = 5).

Next, the action and absorption spectra of HulaChrimson were investigated. The photocurrents peaked at 510-nm
excitation wavelength (Figure 3A). This action spectrum of HulaChrimson is significantly blue-shifted compared to that
of Chrimson, which peaks at ~590 nm [22,34]. Moreover, we estimated the maximum absorption wavelength (Amax) of
HulaChrimson by calculating the difference absorption spectra upon bleaching of protein using hydroxylamine to
hydrolyze the Schiff base linkage of the ATR chromophore. As a result, a positive peak representing the absorption of the
original protein was observed at 501 nm (Figure 3B), which is 60—80 nm shorter than the Amax of purified Chrimson (562—
580 nm) [24]. Given the high similarity between HulaChrimson and Chrimson, these results suggest that the Amax can be
tuned over a wide range by differences in a limited number of residues in these proteins.

To elucidate the reason for this highly blue-shifted absorption of HulaChrimson despite its sequence highly similar to
Chrimson, we focused on seven amino acid residues, which differ between HulaChrimson and Chrimson and exhibit
significantly different chemical properties: T188 (S169 in Chrimson) and H195 (K176), which are the second and third
TM3-motif residues known for playing essential roles in determining the functionality of many microbial rhodopsins
[3,36,37] , as well as C183 (F164), V217 (C198), T288 (P269), S317 (A298), and Q319 (E300) (Figure 1B, 1C, and
Supplementary Figure S1). To identify the residues critical for the difference in the Amax between HulaChrimson and
Chrimson, we introduced mutations in HulaChrimson, replacing these residues with their corresponding amino acids in
Chrimson. If the residues responsible for HulaChrimson’s blue-shifted absorption are mutated, it would result in the red-
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shift of the action and absorption spectra.

Among seven mutants, only HulaChrimson S317A exhibited significantly red-shifted action and absorption spectra
(Figure 3). While photocurrents were enhanced at 542- and 575-nm excitation and reduced at 472-nm excitation (Figure
3A), its Amax Was estimated to be 517 nm, which is 16 nm longer than that of the WT (Figure 3B). By contrast,
HulaChrimson T288P exhibited a blue-shift in the spectra (Figure 3). It is known that substituting a proline at this
position—corresponding to P269 and P186 in Chrimson and HsBR, respectively with a threonine induces 6-20 nm red-
shifts in ion-transporting rhodopsins [20,38]. While our results indicate that T288 exhibits a similar 8-nm red-shifting
effect in HulaChrimson, the difference of amino acid at this position is not the cause of HulaChrimson’s blue-shifted
absorption compared to that of Chrimson. Notably, the channel-closing process of T288P is significantly slower than that
of the WT (Supplementary Figure S4A). Both of zofrst and zofrsiow 0f HulaChrimson T288P (7ot fast = 312 + 3 ms and
Toff,slow — 24 +
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Figure 3 Action and UV-visible absorption spectra of HulaChrimson mutants.

(A) Action spectra of HulaChrimson WT and mutants (mean + S.E., n = 5). To record photocurrents, cells were
illuminated with light at 377 + 25,438 £ 12,472 £ 15, 510 £ 5, 542 + 13, 575 £ 12, 643 = 10 nm, and photocurrents
are normalized at 510 nm. (B) Difference absorption spectra calculated by subtracting the spectra after the
hydroxylamine bleaching of HulaChrimson WT and mutants from the spectra before bleaching. Illumination times (0,
1, 2,4, and 8 min) were indicated by different colors.
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0.2 s at +60 mV holding potential) are significantly longer than those of the WT (zoftfast = 28.3 & 0.3 ms and ofrsiow = 432
+ 5 ms). The Amax of other mutants are identical to that of the WT, indicating their mutated residue cannot be solely the
cause of the Amax difference between HulaChrimson and Chrimson. Notably, HulaChrimson T188S, T288P, and Q319E
were more quickly bleached compared to the WT, suggesting the accessibility of hydroxylamine to the retinal Schiff base
(RSB) is increased by structural alteration of the protein caused by these mutations. HulaChrimson C183F exhibited 7ot fast
and tofrsiow Significantly slower than that of the WT, which indicates that this residue also contributes to the fast channel
gating in HulaChrimson (Supplementary Figure S4 and Supplementary Table S4).

Beside having absorption spectra identical to that of the WT, V217C exhibited the prolonged fast channel-closing
component Tofffast (Toff,fast = 187 + 2 ms at +60 mV holding potential) (Supplementary Figure S4). Interestingly, V217 in
TM4 is located at the position corresponding to D156 in CrChR2, which interacts with C128 in TM3 to form the so-called
DC gate, a critical structural element that regulates channel kinetics [14,39]. In the crystal structure of CrChR2, D156 and
C128 interact through a hydrogen bonding network mediated by a water molecule [40], and disruption of this interaction
leads to a strong deceleration of channel closing [39]. Because a hydrogen bond cannot form between V217 and C189 in
HulaChrimson, the zof; fast 0f HulaChrimson remains short through a mechanism distinct from that of CrChR2, as has also
been suggested also for Chrimson [24].

Discussion

In this study, we characterized HulaChrimson, which was found in Lake Hula and shares high sequence homology with
Chrimson. Electrophysiological patch-clamp measurements clarified that while HulaChrimson significantly transport H',
its Na* selectivity (Pyg4/Py+ = 1.027318 X 107°) is markedly higher than that of Chrimson (0.07 x 107 [34]), similar
to that of other chlorophyte CCRs such as CrChR2 (0.46-1.0 x 1076 [35]), CrChR1 (~1.0 x 107 [41]), and PsChR (2.3 x
107 [34]), but lower than that of cryptophyte CCRs like GfCCR4 (50 x 107° [42]) and HulaCCR1 (15 x 107 [25]). The
Zofr of both of HulaChrimson and Chrimson increases by raising extracellular pH [34] (Figure 2C). Additionally, the
absence of sharp peak currents is another feature shared with Chrimson, suggesting that HulaChrimson and Chrimson
share common mechanisms underlying their ion-channeling function despite the large difference in their absorption
spectra. Transient absorption measurements of Chrimson observed the formation of a highly blue-shifted M-like P2 alk
state, in which the retinal chromophore is deprotonated, at alkaline pH [23]. Since the decay time constants of P2 _alk in
Chrimson are close to those of channel closing, the conversion of P2_alk to the subsequent red-shifted P3_alk corresponds
to the channel closing, and similar mechanisms may underlay the long 7ot of HulaChrimson at pH 9.0. Mutation of K176
on the cytoplasmic side of TM4 in Chrimson to a histidine residue eliminates the extracellular pH dependence of zos [34].
In HulaChrimson, H195 occupies the same position (Supplementary Figure S1), suggesting that the structural
environment around this residue differs between HulaChrimson and Chrimson, and that another residue is responsible for
the pH-dependent channel closing in the former. Notably, significant steady-state photocurrent attenuation—so-called
desensitization—was observed under high-intensity light (>0.68 mW/mm?, Supplementary Figure S3), whereas a similar
phenomenon does not occur in Chrimson [34]. In many ChRs—as most extensively studied in CrChR2 [43-45]—steady-
state photocurrent attenuation is associated with the accumulation of a long-lived intermediate state that contributes less
efficiently to ion conductance. The distinct desensitization behaviors of HulaChrimson and Chrimson under high-intensity
illumination may be attributable to difference in their photointermediate states, which lead to the formation of a less
conductive state upon absorption of excitation light in HulaChrimson. Therefore, mechanisms underlying the pronounced
desensitization of HulaChrimson will be further investigated through spectroscopic analysis of the photointermediate
state in its photocycle using purified protein in future studies. The photointermediate states of HulaChrimson are expected
to significantly differ from those of Chrimson at neutral pH, where E165 (corresponding to E184 in HulaChrimson) is
protonated [23]. E139 and E143—also referred to E4’ and E5’ representing the fourth and fifth residues in five highly
conserved glutamic acid residues among Chlorophyte CCRs—in Chrimson is critical for its high H' selectivity [34].
Interestingly, the latter is replaced with a histidine residue (H161) in HulaChrimson, suggesting that the structure of the
extracellular selective filter is distinct from that in Chrimson. Notably, the outward photocurrents were markedly
enhanced by increasing the extracellular pH from 7.4 to 9.0—a phenomenon not observed for Chrimson [34]. This result
suggests that the conductance of HulaChrimson is enhanced under extracellular alkaline conditions, probably due to the
deprotonation of an unidentified extracellular residue. The origin of this extracellular pH-dependent photocurrent will be
investigated through comprehensive mutational analysis and three-dimensional structural studies.

In Chrimson and channelrhodopsinl from Chlamydomonas augustae (CaChR1), E165 and E169, which correspond to
E184 in HulaChrimson, respectively, are substantially protonated at neutral pH [23,46]. This protonation of the counterion
in TM3 is considered as the main reason for the red-shifted absorption of these CCRs [23,46]. Additionally, the
substitution of a lysine residue conserved in many CCRs—such as K93 in CrChR2—with non-charged residues has been
suggested to be critical for their red-shifted absorption and the high pK, of the primary counterion in TM3 (Figure 1C and
Supplementary Figure S1) [23,46]. Interestingly, HulaChrimson also has a phenylalanine (F154), like Chrimson and
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CaChR1, suggesting that the pK, of its counterion in TM3, E184, remains low through a mechanism distinct from that in
many chlorophyte CCRs—likely due to differences in the electrostatic and hydrogen-bonding architecture in the RSB
region. Moreover, E139 (E4’) and Y159, located in the vicinity of F135, also contribute to the high pK. of E165 in
Chrimson [34]. Since these residues are conserved in HulaChrimson (E158 and Y178), the origin of the different pK; of
the counterion in TM3 between HulaChrimson and Chrimson must be attributed to other parts within the proteins.

The red shift observed for HulaChrimson S317A mutation without affecting photocurrent intensity (Supplementary
Figure S4) suggests that this serine was evolved to red shift the absorption in HulaChrimson in nature. By contrast, the
T288P mutation affects both the Amax and 7o (Figure 3 and Supplementary Figure S4). Notably, HulaChrimson has a
TxTxxT motif in TM6, where the three threonine residues correspond to T283, T285, and T288 (Supplementary Figure
S5). Such Thr/Ser motifs in hydrophobic environments are known to influence the local structure and dynamics of a
helices through hydrogen bonding interactions between the side chains of Thr/Ser and the main chain of neighboring a-
helical turns [47]. The increase in zof upon the T288P mutation suggests that T288 regulates the local structure and the
dynamics of TM6 to facilitate rapid channel closing. Because this TxTxxT motif is absent in CrChR2 and Chrimson, it
is likely to have evolved in HulaChrimson.

In Chrimson, a mutation of E300 to a glutamine residue results in a large blue shift to Amax = 519 nm, whereas mutations
to asparagine or alanine significantly decelerate channel closing [24,34]. By contrast, the reverse mutation Q319E in
HulaChrimson does not significantly affect either the Amax or photocurrent properties (Figure 3 and Supplementary Figure
S4), suggesting structural differences around this residue between Chrimson and HulaChrimson Q319E. In C+ChR2 and
C1C2, a chimeric CCR derived from CrChR1 and CrChR2, asparagine residues N258 and N297, respectively, occupy
the corresponding position, where they form a hydrogen bond with serine residues S63 and S102 in TM1 [40,48]. By
contrast, in Chrimson, S63/S102 in CrChR2/C1C2 are replaced with A105, preventing hydrogen bond formation with
E300. This leads to the formation of an alternative hydrogen bond between E300 and the main-chain carbonyl group of
A101, which is located one a-helical turn extracellular to A105 [24]. In HulaChrimson, C124 is located at the position of
A105 in Chrimson. It may interact with E319 in the Q319E mutant, leading to a structure distinct from that of Chrimson
by preventing the interaction between E319 and the main chain of TMI1. Since elucidating such a broad network of
interactions is difficult without the three-dimensional structure of the protein, a single-particle analysis using cryo-
electron microscopy and/or X-ray crystallography of HulaChrimson will be performed in the near future.

Conclusion

Through freshwater metatranscriptome sampling in Lake Hula, Israel, we identified a new Chrimson-like protein,
HulaChrimson. Despite its amino acid sequence being highly similar to that of Chrimson, the action and absorption spectra
of HulaChrimson are 60-80 nm blue-shifted compared to those of Chrimson. While the mutational study, in which
characteristic amino acid residues were substituted to the amino acid identical to those in Chrimson, revealed that 16 nm
blue-shift is caused by the difference between serine and alanine at 317th position, the primary cause of the overall blue
shift remains unknown. To achieve a more precise understanding, three-dimensional structural analysis of HulaChrimson
will be conducted in the near future.
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