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Supplementary Text

Structural rearrangements in the M, state of CryoR2

While for CryoR1 we were able to obtain the structures of the ground and M. states
individually under the same conditions, in the case of CryoR2 we obtained several structures
of the protein under different conditions using different methods. Nevertheless, they provide
essential information on the structural rearrangements associated with the M state formation in
CryoR2.

First, we crystallized CryoR2 using in meso approach and obtained two types (A and
B) of purple crystals at pH 4.6 (Fig. S9A). Using the crystals of type A (C2221) we obtained
the structure of CryoR1 at 2.45 A with X-ray crystallography. The crystals of type B (C2)
diffracted more anisotropically to 3.0 A and revealed a similar structure to that obtained with
type A crystals. Therefore, we further discuss the 2.45 A crystal structure of CryoR2.

The structure of CryoR2 shows similar overall organization to that of CryoR1 in the
ground state (Fig. S9B,C). As in CryoR1, the extracellular side of CryoR2 has a large internal
cavity, separated from the bulk by a short N-terminal a-helix (Fig. S9B). The side chain of R58
(R57 in CryoR1) is directed to the cytoplasmic bulk but not to the RSB. The residues in the
helices F and G and the backbone of helix G are located same to the analog residues of CryoR1
in its ground state, including residues L204, W208, and F245 (L203, W207, and F244 in
CryoR1) (Fig. S9C). Microspectrophotometry showed that a major fraction of CryoR2
molecules in crystal contains protonated RSB counterion complex as indicated by the red-
shifted maximum absorption wavelength (Fig. S9D,E). A part of molecules retain the
deprotonated complex (Fig. S9D,E). Lastly, a small fraction of the protein molecules is in the
blue-shifted state characteristic for the deprotonated RSB (Fig. S9D,E). The relatively low
resolution didn’t allow us to resolve multiple conformations of the RSB counterion complex
associated with different protonation states. Nevertheless, the structural and spectroscopy data
suggest that the above-described structure reflects that of the ground state of CryoR2.

Next, time-resolved spectroscopy on the CryoR2 crystal showed a pronounced
formation of the blue-shifted state upon green (532 nm) or red (630 nm) light illumination (Fig.
S9D-G). Noteworthy, the occupancy of the blue-shifted state was larger in the case of green
light illumination, indicating that the red-shifted form with protonated counterion complex
likely is not photoconvertible, similar to that observed for the red-shifted state of CryoR1 at
pH 3.5. We cryotrapped the blue-shifted intermediate state in the crystal of CryoR2 using the
protocol similar to that we used in recent works for the trapping of the M states of BR(47) and
BcXeR(52) (see Materials and Methods for details). Due to the limited amount of the type A
crystals, we used type B crystals for the cryotrapping of the intermediate state. The Fuiu-Fuu
difference electron density maps at 3.0 A clearly showed the rearrangements at the cytoplasmic
side of CryoR2, including the flip of the R58 side chain towards the RSB and synchronous
reorientations of the residues in helices F and G similar to those found in the M. state of CryoR1
(Fig. S9H,I). Different from CryoR1, the maps suggest the flip of the L111 residue (L110 in
CryoR1) in the M. state of CryoR2 (Fig. S9H,J). Since the cryotrapping protocol results in the
accumulation of the longest-living intermediate, the observed rearrangements were assigned to
the M, state of the CryoR2 photocycle.
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In addition to X-ray crystallography, we obtained a single-particle cryo-EM structure
of CryoR2 at pH 8.0 at 2.44 A resolution (Fig. S10A,B). The sample was kept under the
overhead light before the application to the cryo-EM grid. Under such conditions, the blue-
shifted M. state is accumulated in the sample and is represented in the major fraction of protein
molecules (Fig. S10C). The cryo-EM map revealed the crystal structure of the cryotrapped M.
state. Due to higher resolution, more details were resolved in the cryo-EM maps. Thus, the
retinal is in likely the 13-cis conformation, similar to that of CryoR1 in the M, state (Fig. S10B).
The side chain of R58 is oriented towards the RSB (Fig. S10B,D,E). The L111 side chain is
flipped compared to the ground state structure and an additional density is found near the RSB
in the M. state of CryoR2. We assigned it to a water molecule, which likely stabilizes the
deprotonated form of the RSB in the intermediate. The RSB is additionally stabilized by S107
of the functional motif.

In summary, X-ray crystallography, cryo-EM, time-resolved absorption
microspectrophotometry on crystals, and the cryotrapping of the intermediate state allowed us
to show that the structural changes associated with the formation of the M. state in CryoR2 are
very similar those shown in the case of CryoR1. Since the arginine at the cytoplasmic side
plays one of the key roles and is a unique characteristic residue in the entire CryoRs clade, we
suggest that the flipping motion of the arginine is conserved within all CryoRs.

At the same time, we found differences between the M state structures of CryoR1 and
CryoR2. Namely, both cryo-EM and X-ray crystallography data show the flip of the L111
residue in the intermediate state of CryoR2, while no flip of L110 (analog of L111 in CryoR2)
in the M., state of CryoR1. Furthermore, while in CryoR1 the RSB is connected to the D237
and oriented towards helix G in both the ground and the M. states, in CryoR2 the RSB is always
oriented to helix C and is H-bonded to the S107. Thus, we speculate that the differences
between the M. state structures of two CryoRs originate from the more polar environment of
the cytoplasmic side of the RSB region in CryoR2 than that of CryoR1. The role of the
additional water molecule remains elusive; however, we speculate that it stabilizes the
deprotonated RSB in the M. state.

Protonation states of the counterions in CryoRs

In the course of the study of CryoRs, we identified unusual spectral behavior of the
members of this clade. Together with the extremely long-living blue-shifted state, the RSB
counterion complex of CryoR1 and CryoR2 demonstrate multiple protonation states as
indicated by the pH titration of the maximum absorption spectra (Fig. S7). The structural data
on CryoR1 at different pH values and in various functional states allowed us to get insights
into the mechanisms of the proton storage at the RSB counterion complex of these rhodopsins.

In CryoR1, there are three major spectral states corresponding to the different
protonation states of the RSB and its surroundings. According to the spectroscopy data, these
states are nicely represented at pH ranges of 2.5-4.5 (620 nm), 7.5-9.0 (550 nm), and 10.5-11.5
(540 nm). To understand the differences of the maximum absorption wavelengths, we obtained
the cryo-EM structures of CryoR1 at pH 4.3, 8.0, and 10.5 to have representative models for
all three states identified in the spectroscopy experiments (Table S2).



Surprisingly, in the RSB region, the two counterions (E102 and D237) interact directly
with each other in the ground state at all studied pH values (Fig. S17). This indicates that there
is always at least one proton in the RSB counterions complex of CryoR1. In the 2.43 A
resolution structure of CryoR1 at pH 8.0, D237 is stabilized by Y68 and Y210 and interacts
directly with the protonated RSB, which indicates that the residue is likely deprotonated (Fig.
S17B). Thus, the proton is stored at E102 in the ground state of CryoR1 at neutral pH. At pH
10.5, the D237 side chain clearly reorients; however, we should note that at 2.7 A resolution,
it is impossible to univocally identify the exact position and orientation of the counterions.
Nevertheless, in accordance with the spectroscopy data showing the ~10 nm blue-shift of
absorption maximum between pH 8.0 and 10.5 (Fig. S7), the conformation of the RSB region
is also changed. The distance between E102 and D237 is shortened, which might be a signature
of proton delocalization between the carboxylic residues (Fig. S17C). Thus, we suggest that
the blue-shift of the spectrum upon pH increase from neutral to alkaline is associated with the
proton redistribution rather than deprotonation of any of the counterions.

At pH 4.3, the conformation of the RSB-counterions complex is different from that at
pH 8.0 and 10.5 (Fig. S17A). Namely, the protonated RSB is likely H-bonded to E102 instead
of D237. D237 is reoriented at pH 4.3 compared to its position at pH 8.0 (Fig. S17A,B). While
D237 remains H-bonded to the same oxygen atom OE1 of E102, as well as to Y68, the distance
between Y68 and D237 is enlarged to 3 A. This indicates that D237 might be protonated at pH
4.3. As the spectrum of D237N mutant at neutral pH is strongly red-shifted and close to that of
CryoR1-WT at low pH, one can assign the rise of the 620-nm-absorbing state to the protonation
of D237, which tentatively indicates the pKa of D237 to be ~6.5 (Fig. S7). We speculate that
E102 is also protonated at pH 4.3; the proton is stored at the OE2 atom of the glutamic acid.
The distance between E102 and D237 at low pH is shorter than that at pH 8.0, which might
indicate proton delocalization between the residues, similar to that at pH 10.5. Indeed, at acidic
pH values, CryoR1 demonstrates a notable (80 nm) red-shift of the absorption spectra (Fig. 3G;
Fig. S7). Spectroscopy studies of the D237N, E102Q, and E102Q/D237N mutants, mimicking
various protonation states of the RSB counterion complex, showed that none of these mutants
result in such a strong red-shift as that found in the WT protein upon pH decrease (Fig. 3H,I).
This supports our hypothesis on the proton delocalization with the unique resulting
configuration of the RSB region, which is only possible within carboxylic, but not amide
groups. As it was mentioned in the manuscript, the spectral behavior of CryoR1 is similar to
that of the bestrhodopsin Tara-RRB(45), which has been also shown to likely have carboxylic
residues interacting directly to each other in the RSB region. Thus, although CryoRs and
bestrhodopsins are structurally very different, the fundamental principles for the different
protonation states of the counterion complexes and their spectral signatures might originate
from the similar proton delocalization between the residues in the two clades of MRs.

In the M. state of CryoR1 at pH 10.5, the RSB is deprotonated; however, it is likely still
connected to the D237 residue (Fig. S17D). Thus, we suggest that the RSB proton is transferred
to D237 upon light illumination (Fig. 8A,B; Fig. S17C,D). E102 remains protonated in both
the ground and the M. states, as indicated by a direct H-bond between E102 and D237 similar
to that in the ground state of CryoR1 at pH 8.0. Thus, both counterions are likely protonated in
the M. state. This observation is in line with the spectroscopy study of the E102Q/D237N
mutant mimicking the fully protonated counterions complex (Fig. S8C). In the mutant, the RSB
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is deprotonated at both neutral and alkaline pH (Fig. S8C). This clearly indicates that the
protonated counterions complex stabilizes the deprotonated form of the RSB, characteristic to
the M. state.

In summary, the counterion complex of CryoR1 is likely single-protonated at neutral
and alkaline pH values with the proton localized at E102 but possibly delocalizing between
E102 and D237 at alkaline pH. Single protonation allows an efficient proton transfer from the
RSB to D237 with the rise of the blue-shifted state. The latter event results in the double
protonated state of the E102-D237 pair, stabilizing the deprotonated RSB and thus contributing
to the extremely slow decay of the M. intermediate. At low pH, the RSB and both counterions
are protonated, which hampers the formation of the blue-shifted state and notably accelerates
the photocycle (Fig. 3D,E; Fig. S6A). It should be noted, that at acidic pH values, the
protonation of both counterions also likely hampers retinal isomerization as indicated by an
extremely small fraction of the protein molecules entering the photocycle upon light
illumination (Fig. 3E).

In the case of CryoR2, the structural data on various protonation states is limited.
Nevertheless, both the cryo-EM and the crystal structures show that, in contrast to CryoR1, the
RSB of CryoR2 is H-bonded to S107 (A106 in CryoR1) of the functional motif (Fig. S17E,F).
D238 is H-bonded to Y69 and Y211 at pH 4.6 and 8.0, tentatively indicating that the residue is
deprotonated in a wide range of pH values. E103 interacts directly with D238 in both structures;
thus, E103 is likely protonated. Since the cryo-EM structure of CryoR2 at pH 8.0 likely
represents the M. state, we conclude that the counterions complex in the M. intermediate of
CryoR?2 is single protonated, unlike that of CryoR1. This is supported by the spectroscopy
analysis of the E103Q mutant of CryoR2, which showed similar spectral properties to those of
E102Q/D237N of CryoR1 (Fig. S8C,D). Namely, the RSB is deprotonated in the E103Q
mutant indicating that single protonation of E103 is sufficient to stabilize the M. state of
CryoR2. These results also likely mean the deprotonated RSB counterions complex at neutral
and alkaline pH in the ground state of CryoR2.

At low pH, we have not observed any structural footprints of the D238 protonation.
Similar to the M. state at pH 8.0, the E103 residue is considered protonated as it forms an H-
bond with deprotonated D238 (Fig. S17E). The deprotonation of the RSB proceeds effectively
in CryoR2 at pH 3.5 (Fig. S6B); therefore, the RSB counterions complex is likely single
protonated under these conditions in the ground state. Thus, we hypothesize that, unlike in
CryoR1, the counterion complex of CryoR2 is deprotonated at neutral and alkaline pH, and is
single protonated at low pH values (Fig. S17E,F). This results in the blue-shifted state
formation at all studied proton concentrations, but also explains the differences in the spectral
behavior of CryoR1 and CryoR2 (Fig. S3).

Thus, structural data demonstrates the possible molecular mechanism of spectral
variations within the CryoRs clade by alteration of the amino acid residue of the functional
motif (A106/S107 in CryoR1/CryoR2). At the same time, spectroscopy data on the CryoR1
and CryoR2 mutants together with high-resolution structures of the proteins at different pH
values demonstrate that the proton is likely transferred from the RSB to the counterion complex
and stored in it; the protonated complex stabilizes the deprotonated form of the RSB
contributing to the extremely slow decay of the blue-shifted intermediate in CryoRs.
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Fig. S2. Temperature and light dependent behavior of CryoR1. A. Absorption spectra of
CryoR1 wt at pH levels 3.5, 8.0, and 10.5 at 5 °C and room temperature. Absorption intensity
of CryoR1 at pH 8.0 monitored at 554 nm to track the recovery of the parent state after
formation of the PSS at B. 20 °C and C. 5 °C. D. Recovery of spectral changes induced by 30
mins exposure to sunlight. The first spectrum was measured ~45 s after removing the sample
from sunlight. Spectra were measured every 30 s for a duration of 1 h. E. Spectral changes
induced on the CryoR1 dark state spectrum by exposure to overhead in the light in the
laboratory. Spectra were measured every 30 s for a duration of 30 mins.
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Fig. S3. Dark state and PSS spectra for CryoR1-5 at pH 8.0. A. Dark state spectra of all
investigated CryoRs at pH 8.0. B. Spectra of the populated PSS for all investigated CryoRs
after illumination of the main absorption band in the range of 530 nm to 590 nm. The output
powers for the used LEDs are provided in the methods section.
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Fig. S5. Overview of the time-resolved spectroscopic characterization of CryoR1. Ultrafast
dynamics of CryoR1 at A pH 3.5 and C shown as a 2D-contour plots. The x-axis is linear until
1 ps and logarithmic afterward. The signal amplitude is color coded as follows: positive (red),
no (white) and negative (blue) Aabs. Additionally, the corresponding lifetime density maps
(LDM) are shown illustrating the kinetics components of the respective measurement.
Furthermore, transients at specific wavelengths are shown. The raw data is shown as dots, while
the obtained fit is shown as lines. B Fourier-transformed spectra of CryoR1 at pH 3.5 as a 2D-
contour plot (left) and as Fourier-transformed spectra at two specific wavelengths. D Flash-



photolysis measurement of CryoR1 at pH 10.5 is shown as a 2D-contour plot. The photocycle
was measured until 4.5 s and ended afterwards via illumination with a 405 nm LED (8.71 mW)
before each acquisition. Decay-associated spectra (DAS) are shown retrieving lifetimes of the
observed photointermediate transitions. Furthermore, transients at characteristic wavelengths
shown.
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Fig. S6. Illumination experiments and photocycle kinetics of CryoRs at low pH. In each
panel, the dark state spectra (light green), as well as the PSS spectra after illumination of the
main absorption band (blue) and the spectra after illumination of the obtained PSS with blue
light (dark green) to recover the dark state of each investigated cryoR are shown. Each LED
was turned on for 100 s. Output powers for LEDs in the 500 nm range are given in the methods
section. The 420 nm LED was operated at 0.19 mW. The 625 nm LED was operated at 6.4
mW. Additionally, for all investigated CryoRs except CryoR3 the measured photocycle
kinetics were depicted as 2D-contour plots. The signal amplitude is color coded as follows:
positive (red), no (white) and negative (blue) Aabs. The observed photocycle intermediates are
named in the common way for microbial rhodopsins based on the photocycle of
bacteriorhodopsin. Due to the slow photocycle kinetics, only the 400 nm transient was
measured and is shown for CryoR3, similar to the measurements at high pH shown in Fig. 2 in
the main text.
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Fig. S7. pH titration of CryoR1 in the range of pH 2.5 to pH 11.0. A absorption spectra at
specific pH values indicating the observed pH-dependent shift of the absorption maximum.
Furthermore, the change in absorption is shown in a pH-dependent manner for B 540 nm, 550
nm and 620 nm and C 395 nm, 540 nm and 550 nm. The absorption changes are shown as
relative absorption changes. For 620 nm it was assumed that the maximum amplitude is reached
at pH 2.5 and therefore the obtained value was set to 1. For all other shown wavelengths, it was
assumed that the maximum amplitude is reached at pH 11.0, so the rel. Aabs. was set to 0 at
pH 2.5. pH induced spectral changes have been fitted by the Henderson-Hasselbalch equation
to determine pKa values. Spectral changes at high pH did not result in a converging fit. Thus,
they were not considered. D shows the samples used to measure the absorption spectra for the
pH titration in the range of pH 2.5 (left) to pH 12.0 (right).
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Fig. S8. Illumination experiments of mutants of charged residues of CryoR1 and CryoR2
in their retinal binding pocket. Dark state and PSS spectra of CryoR1 mutants E102Q A,
D237N B, and E102Q/D237N C, as well as CryoR2 E103Q D. First of all, the dark state
spectrum was measured, followed by the PSS after illumination of the main absorption band
for 100s and the illumination of the potentially rising band for 100s afterward. The 625 nm
LED was operated at 6.4 mW, the 590 nm LED was operated at 0.26 mW and the 420 nm LED
was operated at 0.19 mW.
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Fig. S9. Crystal structures of CryoR2. A. Crystals of CryoR2 grown using in meso approach
at pH 4.6. Crystals of two types (A and B) were found in the same crystallization well. B.
Overall side view of the CryoR2 protomer at pH 4.6. N terminus is colored light orange. C
terminus is colored red. C. Structural alignment of the CryoR1 (cryo-EM, pH 10.5, ground)
and CryoR2 (X-ray, pH 4.6, ground) structures. Residues of CryoR2 are signed (the
corresponding residues of CryoR1 are given in parenthesis). D. Spectra of CryoR2 crystal. E.
Spectra of CryoR2 crystal. Black line corresponds to the dark spectra. Then, the evolution of
the spectrum is shown in the time range of 10 ps to 10 s following the nanosecond green (532
nm, panel D) and red (630 nm, panel E) laser illumination of the crystal. F. Evolution of the
absorption in the range of 392-402 nm corresponding to the blue-shifted state in the CryoR2
crystals following the nanosecond green (532 nm) laser illumination. G. Evolution of the
absorption in the range of 392-402 nm corresponding to the blue-shifted state in the CryoR2
crystals following the nanosecond red (630 nm) laser illumination. H. Side view of the
structural rearrangements in CryoR2 upon cryotrapping of the M» state. I. View from the
cytoplasmic side of the structural rearrangements in CryoR2 upon cryotrapping of the M» state.
Difference Folight-Fodark €lectron density maps are contoured at the level of 3.0c. Black arrows



indicate the key rearrangements associated with the M, state formation. J. The cytoplasmic
side of the CryoR2 protomer in the M state obtained with X-ray crystallography. Red arrow
indicates the flipped side chain of L111, not found in the M> state of CryoR1.
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Fig. S10. Cryo-EM structure of CryoR2. A. Spectra of the CryoR2 sample used for grid
preparation. The sample was kept under overhead lights for 1h. B. Overall cryo-EM map of the
pentameric CryoR2 at pH 8.0. C. Section view of the cryo-EM map in the region of retinal and
R58. The flipped side chain of R58 in the M state is shown with a red arrow. An additional
water molecule compared to the M; state of CryoR1 is indicated with a red line. D. Side view
of the cytoplasmic part of CryoR2 in the M, state. E. View from the cytoplasmic side of the
cytoplasmic part of CryoR2 in the M2 state. F. Side view of the cytoplasmic part of CryoR1 in
the M; state. G. View from the cytoplasmic side of the cytoplasmic part of CryoR2 in the M»
state.



Fig. S11. Involvement of the C-terminus in stabilizing the CryoR1 pentamer. The overall
view of the pentamer of CryoR1 (center) with the C-terminus colored red. Detailed view of the
interprotomeric contacts formed by the tip of the B-sheet of the C-terminus (colored red) with
the nearby protomer (colored light purple) (right). Detailed view of the interprotomeric contacts
formed by the C-terminus in the region closer to the central axis of the pentamer (left). For
clarity, the view in the left panel is from the center of the pentamer.
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Fig. S12. Functional tests of CryoRs in E. coli cell and proteoliposomes suspensions. Light-
induced pH changes in a suspension of E. coli expressing CryoRs in non-buffered 100 mM
NaCl solution. Experiments were performed at two pH values; pH was adjusted using 10%
HCI. Cyan lines represent results from experiments without any protonophore; green lines
show pH changes in the presence of 30 uM of protonophore carbonyl-cyanide m-chlorophenyl-
hydrazone (CCCP). The yellow area indicates the period of time in which the white light was
on.
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Fig. S13. pH and excitation wavelength dependence of the CryoR1 M-state kinetics.
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Fig. S14. Photocurrents of CryoR1-expressing NG108-15 cells recorded using planar
patch-clamp at different pH levels. The top row shows photocurrents from a representative
NG108-15 cell expressing CryoR1, while the bottom row shows a representative cell
expressing the inward proton pump NsXeR, used as a positive control. pH was changed both
intra- and extracellularly in all cells. Measurements were performed at three pH conditions:
(left) pH, 7.4 / pHi 7.2, (center) pH, 6.0 / pH; 6.0, and (right) pH, 5.0 / pH; 5.0. The number of
cells exhibiting detectable photocurrents versus the total number of high-quality recordings is
indicated in the bottom-right corner of each panel.
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Fig. S15. Proposed scheme of the proton transfer in CryoR1. A. The RSB proton transfer
towards the partially protonated counterion complex upon activation with the 500 nm laser
pulses. B. The RSB proton transfer towards the cytoplasmic side to the deprotonated E113
residue upon illumination with the 620 nm laser pulses when the counterion complex is fully
protonated.
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Fig. S16. Quantification of the transferred charge. A. Cumulative charge transferred at a
membrane voltage of 0 mV in response to illumination with consecutive light pulses of 420 nm
(for the M state activation), 500 nm, and 620 nm, normalized by cell capacitance (number of
cells, N = 2). B. Cumulative charge transferred at a membrane voltage of 0 mV in response to
illumination with consecutive light pulses of 420 nm (for the M state activation), 500 nm, and
620 nm, normalized by cell capacitance. The curves for 500 nm and 620 nm activation were
further normalized by the fractions of the protein in the respective subpopulations (number of
cells, N =2).
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Fig. S17. The RSB region of CryoR1 and CryoR2. A. The RSB region of CryoR1 at pH 4.3.
B. The RSB region of CryoR1 at pH 8.0. C. The RSB region of CryoR1 at pH 10.5 in the
ground state. D. The RSB region of CryoR1 at pH 10.5 in the M state. E. The RSB region of
CryoR2 at pH 4.6. F. The RSB region of CryoR2 at pH 8.0. Putative protons in the RSB region
are shown with cyan circles. H-bonds are shown with black dashed lines.



CrChR2

Fig. S18. Comparison of the counterion complexes in CryoRs and channelrhodopsins.
CryoR1 (present work) at pH 8.0 is colored purple. CrChR2 (PDB ID: 6EID) is colored yellow.
CI1C2 (PDB ID: 3UG9) is colored cyan. Chrimson (PDB ID: 5ZIH) is colored wheat. Hydrogen
bonds are shown with black dashed lines. Distances are given in A.
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Fig. S19. The arginine-glutamate pair at the cytoplasmic side of CryoRs. A. CryoR1 at pH
4.3. B. CryoR1 at pH 8.0. C. CryoR1 at pH 10.5 in the ground state. D. CryoR1 at pH 10.5 in
the M, state. E. CryoR2 at pH 4.6. F. CryoR2 at pH 8.0. H-bonds indicating the salt bridge
between the residues are shown with black dashed lines.
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Fig. S20. Illumination experiments of CryoR1 E113Q mutant and comparison of the wt
and the R57T mutant. A. Dark state and PSS spectra of CryoR1 E113Q mutant. First, the
dark state spectrum was measured, followed by the PSS after illumination of the main
absorption band for 100s and the illumination of the potentially rising band for 100s afterward.
The 565 nm LED was operated at 1.05 mW and the 420 nm LED was operated at 0.19 mW.
Additionally, the flash photolysis transient at 400 nm is shown to elucidate the slow kinetics of
the M intermediate and the whole photocycle. B. Dark state and PSS spectra of CryoR1 wt and
R57T mutant. First of all, the dark state spectrum was measured, followed by the PSS after
illumination of the main absorption band for 100s with a 565 nm LED operated at 1.05 mW.
Additionally, the respective transient at 400 nm for both proteins is shown to illustrate the
accelerated photocycle of the R57T mutant.
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Fig. S21. Workflow for solving the CryoR1 and CryoR2 structures using cryoSPARC.
Overall resolution and local resolution are shown. 2D classes and 3D volumes are shown in
black squares and gray surfaces, respectively, and appear similar for different samples as they
describe the same protein (CryoR1) in 5 of the 6 panels.



Table S1. Source organisms of CryoRhodopsins.

. Genome Accession . #Rhodopsins
Database, ID |Name| Source organism Environment . ocop
(RefSeq) (including CryoR)
GenBank: Cryobacterium levicorallinum
WP_166787544  |CryoR1 Hh34 GCF_004402405.1 Glacier 3
Subtercola endophyticus AK- High mountain,
GenBank: UFS59673.1|CryoR2 R2A1-2 GCF_021044565.1 plant 2
GenBank: Cryobacterium frigoriphilum
WP_166791776  |CryoR3 Hh14 GCF_004403305.1 Glacier 1
UniProtKB:
AO0A4T2CD69 CryoR4|  Subtercola vilae DB165 GCF_004923255.1 High mountain 3
UniProtKB: Boreal
AOA3EOVLV3 CryoR5|Subtercola boreus DSM 13056 GCF_006716115.1 groundwater 1
UniProtKB: Cryobacterium algoricola
AO0A4R8VLNS MDB2-B GCF_004402485.1 Glacier 2
GenBank: Cryobacterium
WP_243013333.1 zhongshanensis ZS14-85 GCF_022760445.1 Antarctic soil 2
GenBank: Cryobacterium breve TMT4-
WBM79723.1 23 GCF_004402375.1 Glacier 2
UniProtKB:
AO0A4R8WGZ9 Cryobacterium sp. MDB2-A-2 GCF_004402425.1 Glacier 2
GenBank:
WP_134559116.1 Cryobacterium sp. 513 GCF_035019585.1 Glacier 2
UniProtKB: Microbacteriaceae bacterium
A0A924R041 FL-bin-143 NA Glacier NA (MAG)
GenBank: Herbiconiux daphne CPCC High mountain,
WP_259537282 203386 GCF_024979295.1 plant 1
GenBank:
WP_241991064 Cryobacterium sp. Hh38 GCF_004403235.1 Glacier 3
UniProtKB: Microbacteriaceae bacterium
A0A924CVH2 FL-bin-354 NA Glacier NA (MAG)
GenBank:
WP_255546462 Glaciihabitans sp. dw_435 GCF_018449675.1 Glacier 1
GenBank: Cryobacterium
WP_158594898 melibiosiphilum Hh39 GCF_003602235.1 Glacier 2
UniProtKB: Microbacteriaceae bacterium
A0A924VRN9 FL-bin-11 NA Glacier NA (MAG)
UniProtKB: Microbacteriaceae bacterium
A0A924VQ96 FL-bin-11 NA Glacier NA (MAG)
UniProtKB:
AOA7G6Z9A4 Glaciihabitans sp. INWT7 GCF_014217685.1 Antarctic soil 2
UniProtKB: Microbacteriaceae bacterium
A0A923UA93 FL-bin-481 NA Glacier NA (MAG)
Genbank: Boreal
WP_116415267.1 Subtercola boreus K300 GCF_003399685.1 groundwater 1
Genbank: Boreal
WP_116419744.1 Subtercola boreus P28004 GCF_003399545.1 groundwater 2
Genbank: Boreal
WP_116415267.1 Subtercola boreus DSM 13056 GCF_006716115.1 groundwater 1
UniProtKB:
A0A4T2BXG2 Subtercola vilae DB165 GCF_004923255.1 High mountain 3
GenBank: Boreal
WP_172582322 Subtercola boreus P27479 GCF_003399635.1 groundwater 3




GenBank:
WP 172592168

Subtercola boreus P27444

GCF_003399625.1

Boreal
groundwater

Subtercola endophyticus AK-

High mountain,

GenBank: UFS59725.1 R241-2 GCF_021044565.1 plant
UniProtKB: Subtercola lobariae CGMCC High mountain,

AO0A917EVA4 1.12976 GCF_014640255.1 plant
UniParc: High mountain,

UPIO01EF18C93 Subtercola lobariae 9583b GCF_016881145.1 plant




Table S2. Summary of the structures of CryoRs obtained in the present work.

CryoR1 CryoR2

acidic pH pH 4.3, cryo-EM, pH 5.2, X-ray crystallography,
2.94 A, DDM 2.65 A, crystal
pH 8.0, cryo-EM, 2.4 3 A,

nanodisc pH 8.0, cryo-EM, 2.44 A,

neutral pH DDM
pH 8.0, cryo-EM, 2.9 A,
DDM

pH 10.5, cryo-EM, 2.7 A,
DDM, dark (ground state)
alkaline pH -
pH 10.5, cryo-EM, 2.3 A,
DDM, illuminated (M. state)




Table S3. Cryo-EM data collection, refinement, and validation.

Protein CryoR1 CryoR2
pH 43 8.0 (DDM) 8.0 (nanodisc) 10.5 10.5 8.0
State Ground Ground Ground Ground M. M.
PDB ID 8ROK 8ROM 8ROL 8RON 8R0OO 8ROP

Data collection and processing

Voltage (kV) 300 200 300 300 300 300
Electron exposure (e-/A2) 50.0 53.1 50 50 50 50
Defocus range (um) —-0.9t0—-2.7-0.5t0 2.0 —0.8t0 2.2 —1.2t0 —2.2-1.2t0 —2.2-0.6to -2.2
Pixel size (A) 0.836 1.022 0.836 0.418 0.418 0.836
Micrographs collected 6502 2098 2313 2995 3443 2320
Micrographs processed 4284 2098 1913 2236 3186 2266
Symmetry imposed Cs Cs C5 C5 C5 Cs

Initial dataset (# of particles) 3,088,281 785,276 885,082 426,125 1,212,963 776,708
Final dataset (# of particles) 888,256 333,882 218,132 200,277 541,978 329,937

Map resolution (A) FSCo. 2.94 2.87 243 2.70 2.30 2.44
Refinement

Initial model used Alphafold Alphafold Alphafold Alphafold Alphafold Alphafold

Map-sharpening B factor (A?) 177.2 117.4 79.9 98.1 87.7 84.8
No. atoms

Protein 9,615 10,553 10,599 10,562 11,069 10,550

Retinal 100 100 100 100 200 100

Lipid 153 387 261 181 165 354

Water 17 55 240 78 343 155

B-factors (A2)

Protein 56.0 35.1 42.1 47.0 342 42.5
Retinal 76.8 50.0 51.0 46.2 40.3 30.0
Lipid 75.5 79.3 79.7 79.4 56.3 82.6
Water 453 21.4 42.7 43.0 39.8 35.8

R.m.s. deviations

Bond lengths (A) 0.0078 0.0095 0.0084 0.0092 0.0099 0.0095

Bond angles (°) 1.3454 1.5921 1.3929 1.3013 1.4568 1.6527
Validation

MolProbity score 1.83 1.85 1.96 1.71 1.41 2.33

Clash score 11.97 6.48 6.82 6.38 7.50 7.64



Poor rotamers (%)

Ramachandran plot (%)
Favored

Allowed

Outliers

Model to map fit CC

1.36

97.25

2.75
0.00

0.86

1.79

95.67

4.33
0.00

0.81

4.54

97.62

2.38
0.00

0.85

1.88

97.19

2.81
0.00

0.86

0.98

98.63
1.29
0.07

0.86

5.84

95.31
4.26
0.43

0.83



Table S4. X-ray crystallography data collection and structure refinement statistics on

CryoR2.

PDB ID

Data collection
Space group
Cell dimensions

a, b, c(A)

a,b, g (°)

Resolution (A)
R, %

1/sl
Completeness (%)
Redundancy

Refinement

Resolution (A)
No. reflections
Ruoic / Riee

No. atoms

Protein
Retinal
Lipid

Solvent

B-factors (A2)

Protein
Retinal
Lipid

Solvent

R.m.s. deviations

Bond lengths (A)

Bond angles (°)

Type A, dark
8R96

C2221

85.6,295.7, 185.5

90, 90, 90

Type B, dark
8R97

Cl21

149.8, 85.0, 296.4

90, 96.83, 90

Type B, illuminated
8R98

Cl21

150.1, 85.0, 296.9

90, 96.86, 90

92.750-2.457 (2.719-2.457)* 74.351-2.718 (3.046-2.718)* 74.387-2.774 (3.100-2.774)*

6.4 (96.2)
8.5 (0.8)
91.3 (81.5)
13.4 (13.6)

20-2.46
53,453
23.4/25.4

10,738

100
150
71.5

63.2

66.6

82.7
56

0.002
1.062

8.5 (104.9)
6.1 (0.7)
84.3 (42.0)
6.6 (6.3)

20-3.0
61,380
26.8/30.4

21,408

200
295
50

90.5
94.4
87.4
124.8

0.002
1.095

*Values in parentheses are for the highest-resolution shell.

8.5 (106.1)
6.5 (0.7)
81.5 (46.3)
6.9 (6.7)

20-3.0
54,950
28.7/30.9

21,322
200
272

50

93.8
104.9
583
135.0

0.002
1.069



Data S1. Sequences of CryoRhodopsins found in the course of the present work.
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