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Supplementary Figure  1. 

Full amino acid alignments of 

bacteriorhodopsin (BR), 

CrChR2, KnChR and GtCCR4

The transmembrane region was 

shown based on the membrane 

topology of CrChR2. Putative 

FimV domain in KnChR was 

indicated.
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Supplementary Figure  2. Full amino acid alignments of FimV from Pseudomonas 
aeruginosa and KnChR Transmembrane region is indicated.
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Supplementary Figure 3. I-V relationship of KnChR and CrChR2. 

Photocurrent amplitude form each variant and CrChR2 is normalized (at +50 mV as 1.0). 

Filled (a) and empty (b) symbols indicate peak (Ip) and steady-current (Is), respectively. Red: 

KnChR-272 (N=7), Blue: KnChR-290 (N=7), Green: KnChR-397 (N=9), Black: CrChR2 

(N=6). Standard solutions were used (See Materials and Methods). Data were presented as 

the mean ± SEM.
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Supplementary Figure 4. I-V relationship of C-terminus length variants of KnChR and CrChR2.

Amino acid length of KnChR variants is indicated on each panel (a-e). f. CrChR2. Filled circle, 

a peak component of the photocurrent (Ip). Empty circle, a steady-state component of the 

photocurrent (Is). Standard solutions were used (See Materials and Methods). Data were 

presented as the mean ±SEM with N = 6 (panel c and f), 7 (panels a, b and e), 9 (panel d).  
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Supplementary Figure 5. Comparison of the length variants KnChR-397 and KnChR-697. Typical 

photocurrent traces of KnChR-397 amino acids (a) and KnChR-697 amino acids (b). Blue bars 

indicate light application (480 nm, 12.3 mW/mm2). Membrane voltage was clamped from at -90 to 

+50 mV by 20 mV steps. Standard solutions were used (See Materials and Methods). c, I-V 

relationship of KnChR-397 (red) and KnChR-697 (blue). Peak component (filled circle) and 

steady-state component (empty circle) of the photocurrent were depicted. d, Photocurrent 

amplitudes at -70 mV were shown. Data were presented as the mean ±SEM with N =9 (KnChR-

397), and 7 (KnChR-697).
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Supplementary Figure 6. eYFP does not alter the channel kinetics of KnChR. 

Photocurrent amplitudes at -70 mV were analyzed. Time constants (a) and 

peak current amplitude (b) of KnChR-272 amino acids and -397 amino acids 

variants with or without eYFP. Standard solutions were used. Data were 

presented as the mean ±SEM. N =7 (WT-272), 6 (272 only), 9 (WT-397), and 

7 (397 only). 
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Supplementary Figure 7. I-V relationship of KnChR (a) and CrChR2 (b) in various 

bath solutions. Red: NMG pH9.0, Blue: K+ pH9.0, Green: Mg2+ pH9.0. See 

Supplementary Table 4 for more details of solutions. Data were presented as the 

mean ±SEM. N =5 (all the conditions for KnChR). N =8 (CrChR2 in NMG pH 9.0), 

5 (CrChR2 in K+ pH 9.0), and 6 (CrChR2 in Mg2+ pH 9.0).
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Supplementary Figure 8. Ion selectivity of KnChR. Peak and steady-state component of 

photocurrents were analyzed. a, Photocurrent amplitude at -60 mV under various ionic 

conditions. blue, peak component. orange, steady-state component. Reversal potential (Erev) 

of peak component (b) and steady-state component (c). Shift of Erev, ΔErev analyzed from 

peak component (d) and from steady-state component (e). The Mann-Whitney U test was 

performed between b and c, and d and e. No significant difference was observed between b 

and c, and d and e respectively. Data were presented as the mean ±SEM with N =5.
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Supplementary Figure 9. Prediction of phosphorylation site in KnChR (a) Prediction of kinase-

specific phosphorylation site by GPS 5.0 database. T75 and S389 highlighted in red box 

correspond to Ser102 and Thr373 in CrChR1 phosphorylation site proposed by Böhm et al. 

(2019) and Wagner et al. (2008), respectively. (b) Proposed phosphorylation sites in CrChR1; 

Böhm et al. (2019) suggested multiple phosphorylation sites, one of them (Ser102) being in the 

first transmembrane domain (TM) and two (Ser 116 and Thr117) in the intracellular vestibule 

between (TM) domains marked by a blue arrow. One of them (Thr117) was conserved in 

KnChR (T75 marked by a red number below the sequence). Wagner et al. (2008) proposed 

three phosphorylation sites (Ser358, Thr373 and Ser376) in CrChR1 and one in CrChR2 

(Ser358) marked by a green arrow. Out of three phosphorylation sites, one is common among 

CrChR1 and CrChR2 (RD/ESpF) but replaced by Gly in KnChR. Ser389 corresponding to 

Thr373 is marked by a red number (389) below the sequence.
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Supplementary Table 1 Solutions for the ion selectivity measurement

NaCl KCl CaCl2 MgCl2 NMG EGTA CHES MES

Pipette NMG pH9.0 1 1 2 2 140 10 10 -

Bath NMG pH9.0 1 1 2 2 140 - 10 -

NMG pH6.85 1 1 2 2 140 - - 10

Na
+
 pH9.0 140 1 2 2 - - 10 -

K
+
 pH9.0 1 140 2 2 - - 10 -

Ca
2+

 pH9.0 1 1 70 2 - - 10 -

Mg
2+

 pH9.0 1 1 2 70 - - 10 -



Gene Sense primers Anti-sense primers

KnChR_cMyc TCAGAAGAGGATCTGGGGGA
TCCAAAGAGC

GATGAGTTTTTGTTCGCTGGC
GCTCACAGG

KnChR_272_stop GTTGGAAGAATACAAGTAAGG
GGATCCAAAGAGC

GCTCTTTGGATCCCCTTACTT
GTATTCTTCCAAC

KnChR_397_stop CAACACAGAACATCGAGTAAG
GGGATCCAAAGAGC

GCTCTTTGGATCCCCTTACTC
GATGTTCTGTGTTG

Supplementary Table 2 List of primers used for insertions



Gene Sense primers Anti-sense primers

KnChR_272 aa TTCGAATTCGCCACCGCTAGC
ATTATGACAGTGGATG

GCTCTTTGGATCCCCCTTGTA
TTCTTCCAACTGGC

KnChR_280 aa TTCGAATTCGCCACCGCTAGC
ATTATGACAGTGGATG

GCTCTTTGGATCCCCTGGCAA
CTGTCCGTTATGAG

KnChR_290 aa TTCGAATTCGCCACCGCTAGC
ATTATGACAGTGGATG

GCTCTTTGGATCCCCCATTTT
GGCTCTTGTCTCAAG

KnChR_300 aa TTCGAATTCGCCACCGCTAGC
ATTATGACAGTGGATG

GCTCTTTGGATCCCCGCCAGC
AATAATATGCCCAG

KnChR_310 aa TTCGAATTCGCCACCGCTAGC
ATTATGACAGTGGATG

GCTCTTTGGATCCCCGCCAGC
CACGTGCAAGACGC

KnChR_317 aa TTCGAATTCGCCACCGCTAGC
ATTATGACAGTGGATG

GCTCTTTGGATCCCCGTGAAA
ATGATGATGCTGATG

KnChR_321 aa TTCGAATTCGCCACCGCTAGC
ATTATGACAGTGGATG

GCTCTTTGGATCCCCATCCTC
ATCAAAGTGAAAATG

KnChR_397 aa TTCGAATTCGCCACCGCTAGC
ATTATGACAGTGGATG

GCTCTTTGGATCCCCCTCGAT
GTTCTGTGTTGTCC

KnChR_697 aa TTCGAATTCGCCACCGCTAGC
ATTATGACAGTGGATG

GCTCTTTGGATCCCCGCTGGC
GCTCACAGGGGCCC

eYFP 3.0 vector GGGGATCCAAAGAGCAGGAT GGTGGCGAATTCGAAGCTTG

Supplementary Table 3 List of primers used for subcloning into an eYFP-3.0 vector



Mutations Sense primers Anti-sense primers

KnChR_397_E285A GCCACACTATAGCCTTGCGA
CAAGAGCCAAAATGA

TCATTTTGGCTCTTGTCGCA
AGGCTATAGTGTGGC

KnChR_397_R287A
GTTGCCACACTATAGCCTTG

AGACAGCAGCCAAAATGAG
G

CCTCATTTTGGCTGCTGTCT
CAAGGCTATAGTGTGGCAAC

KnChR_397_K289A GCCTTGAGACAAGAGCCGC
AATGAGGGCTGAAGCTG

CAGCTTCAGCCCTCATTGCG
GCTCTTGTCTCAAGGC

KnChR_397_R291A GAGACAAGAGCCAAAATGG
CGGCTGAAGCTGGGCATA

TATGCCCAGCTTCAGCCGCC
ATTTTGGCTCTTGTCTC

KnChR_397_E293A AGCCAAAATGAGGGCTGCA
GCTGGGCATATTATTG

CAATAATATGCCCAGCTGCA
GCCCTCATTTTGGCT

Supplementary Table 4 List of primers used for site-directed mutagenesis


