
Supplementary Discussion 

 

Arginine conformation in the dark state and the function of ion-transporting rhodopsins. 

 As shown here and in previous studies, R82 in HsBR is highly conserved among 

microbial rhodopsins, but two different conformations are seen in the dark state: outward-

facing and parallel. In all structurally-resolved channelrhodopsins (C1C2 (PDB ID: 3UG9)1, 

CrChR2 (PDB ID: 6EID)2, C1Chrimson (PDB ID: 5ZIH)3, GtACR1 (PDB ID: 6CSM)4, and 

ChRmine), the arginine residue faces outward. In contrast, in many ion-pumping rhodopsins, 

including HsBR (PDB ID: 5ZIM)5, HwBR (PDB ID: 4QID), cruxrhodopsin-3 (PDB ID: 4JR8)6, 

deltarhodopsin (PDB ID: 4FBZ)7, GR (PDB ID: 6NWD)8, Archaerhodopsin-1 (PDB ID: 

1UAZ)9, Archaerhodopsin-2 (PDB ID: 2EI4)10, PR from the Mediterranean Sea at a depth of 

12 m (Med12BPR, PDB ID: 4JQ6)11, PR from the Pacific Ocean near Hawaii at a depth of 75 

m (HOT75BPR, PDB ID: 4KLY)11, CsR (6GYH)12, HsHR (PDB ID: 1E12)13, NpHR (PDB ID: 

3A7K)14, ClR (PDB ID: 5ZTK)15, KR2 (PDB ID: 3X3C)16, and schizorhodopsin 4 (PDB ID: 

7E4G)17, the tip of arginine runs parallel to the membrane and faces TM1. The arginine in the 

parallel conformation narrows or blocks the extracellular cavity of the ion-translocating 

pathway; thus, this conformation would contribute to preventing large ion flux in ion-pumping 

rhodopsins.  

Notably, CsR (the outward proton-pumping rhodopsin from Coccomyxa 

subellipsoidea), also has arginine (R83) in the parallel conformation in the dark state12, and 

R83Q mutation or mutation of the adjacent tyrosine (Y57K) converts functionality from proton 

pump to proton channel18. Moreover, computational analysis of HsBR with R82Q or Y57K 

mutation reveals that these mutations significantly change the conformation of R82Q or R82, 

respectively; most notably, R82 faces outward in the Y57K simulation18. These observations 

suggest that the conformation of the arginine in the dark state is one of the structural elements 

distinguishing channel- and pump-type rhodopsins. Interestingly, previous studies have 



reported that the arginine of some ion-pumping rhodopsins is maintained in the parallel 

conformation during the photocycle19,20, but the corresponding arginine in HsBR transiently 

changes from parallel to outward-facing to facilitate proton release to the extracellular 

solvent21,22. Since channelrhodopsins presumably evolved from ion-pumping rhodopsins23, 

these studies suggest that mutations accumulated near the arginine of ion-pumping rhodopsins 

gradually stabilized the outward-facing conformation; these rearrangements enlarged the 

extracellular cavity, enabling the large ion flux of channelrhodopsins. 

 

The conformational change of the monomer pore during simulation. 

In addition to the opening of the trimer pore, we also observed that the size of the 

monomer pore increased during the light state simulation (Extended Data Fig. 14a). Upon 

isomerization and proton transfer, both the retinal and D115 rotate away from the internal 

monomer pore, increasing the space within the monomer (Extended Data Fig. 14b). While over 

the timescale of our simulation, the pore radius does not become large enough to allow for 

travel of ions through the monomers (as with the trimer pore), the monomeric changes follow 

the expected opening that would occur upon light activation. 

 

Proton donor and acceptor. 

In HsBR, D85 receives a proton from the protonated Schiff base and releases it to the 

extracellular bulk solvent. D96 receives a proton from the intracellular bulk solvent and 

provides it to the deprotonated Schiff base. These proton movements generate net flow of 

proton from the intracellular to extracellular side; these two functionally important residues, 

together with T89, are called DTD motif.  

In GtCCR2, a ChRmine homolog in the BCCR family, both D85 and D96 are conserved 

(D87 and D98, respectively) but the proposed proton translocation pathway is completely 

different; GtCCR2 does not show outward proton-pumping activity24, and the proton is shuttled 



back and forth between the Schiff base and D85. While the deprotonation and re-protonation 

of D98 are assumed to occur and the deprotonation would be necessary for the channel gating, 

D98 never gives the proton to the deprotonated Schiff base24.  

If some channelrhodopsins retain residual pumping activity25, D85 homologs 

presumably could release a proton to the extracellular bulk solvent after receiving a proton 

from the Schiff base. However, in contrast to the proton acceptor, it remains elusive which 

residue works as a proton donor to the deprotonated Schiff base. D96 in HsBR is also conserved 

in ChRmine (D126), but is exposed to intracellular bulk solvent in our structure, and the 

calculated pKa of D126 is as low as 6.28. D126 may be unlikely to work as the sole proton 

donor (Fig. 3c) although is possible that the deprotonated Schiff base directly receives a proton 

from water molecules. Future studies will be needed to reveal the molecular nature of the proton 

donor, and understand how proton translocation is involved in channel gating of ChRmine. 

 

A small population of early intermediates: initial structural changes in ChRmine. 

Our 2.0 Å cryo-EM map allowed accurate modeling of ATR and surrounding residues, 

but the C13 and C14 atoms of ATR and W223 showed weaker density in the region. Moreover, 

positive and negative Fo-Fc difference densities were observed around W223, suggesting that 

this cryo-EM density map contains information on a small population of early intermediate 

states (possibly the K intermediate; (Extended Data Fig. 15). While we could not detect further 

structural changes propagated from W223, the extent of the conformational change in ChRmine 

W223 was significantly larger than that in C1C2 and similar to that of HsBR26,27. Thus, it is 

concluded that the initial conformational changes of the ChRmine photocycle may be more 

similar to those of ion-pumping rhodopsins than of canonical chlorophyte channelrhodopsins. 
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