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Supplementary Materials and Methods

Genomic and phylogenetic analysis

A rhodopsin phylogenetic tree was constructed as follows. Genome assembly data and
rhodopsin sequences were collected from the National Center for Biotechnology
Information and the U.S. Department of Energy Joint Genome Institute Integrated
Microbial Genomes database. The quality of the genomes was assessed using
CheckM (v.1.0.11) 1. A sequence homology search for rhodopsins in the set of
cyanobacterial genomes was performed by using hmmsearch (included in the
HMMER package, v.3.1b2) with the e-value threshold set to 1e-10 2. The profile
HMMs used for the queries were created as follows. The sequences were aligned
using T-COFFEE (http://tcoffee.crg.cat/) in accurate mode. The phylogenetic tree was
inferred using RAXML (v.8.2.11) ? with the PROTGAMMAVTF model using 100
rapid bootstrap searches. Model selection was performed with the
ProteinModelSelection.pl script in the RAXML package.

A cyanobacterial genome phylogenetic tree was constructed as follows. A
multiple sequence alignment of conserved phylogenetic marker proteins (ubiquitous
single-copy proteins) were computed using the ‘classify wf” workflow of GTDB-Tk
(v.0.1.1) #. The genome phylogenetic tree was computed with the
‘PROTGAMMALG’ model of RAXML using 100 rapid bootstrap searches. This
model was selected as the best model by the ProteinModelSelection.pl helper script in
the RAXML package.

The phylogenetic trees were visualized with Interactive Tree Of Life (v.3) °.

Habitat and morphology information was collected manually.

Construction of plasmids
Codon-optimized DNA fragments for Escherichia coli encoding the novel rhodopsins
were chemically synthesized by Eurofins Genomics (Tokyo, Japan) and inserted into
the pET21a (+) plasmid vector (Novagen, Darmstadt, Germany) using the Ndel and
Xhol restriction enzyme sites. This cloning strategy resulted in encoding
hexahistidines at the C-terminus.

Site-directed mutations (D74N, E85Q, and D200N) and C-terminus-
deletion mutations (amino acids 1-215 or 1-224) were introduced separately into the

N2098R gene subcloned into the pET21a (+) plasmid vector (Novagen).



Functional analyses of representative CyRs and N2098R mutants

In this study, we synthesized rhodopsin genes—N2098R (BAY09002.1), B1401R
(WP_074382570.1), N4075R (GAX43141.1), and Cyanobacteria bacterium

QS 4 48 99 (PSO81870.1) — and used them for heterologous expression
experiments. These rhodopsin genes were inserted into the pET21a (+) plasmid vector
(Novagen, Darmstadt, Germany). The plasmids and N2098R mutants plasmids were
transformed into E. coli strain C41 (DE3) (Lucigen, Middleton, WI, USA) cells and
were incubated at 37°C on an LB medium agar plate containing 100 pg mL™!
ampicillin. Before protein expression, transformants were grown at 37°C in 100 mL
of 2x YT medium with 100 ug mL™! ampicillin until the absorbance at 660 nm had
reached 0.4-0.9. Protein expressions were then induced at 37°C for 3—4 h by adding
0.1 mM isopropyl B-D-1-thiogalactopyranoside and 10 uM all-trans retinal (Sigma-
Aldrich, St. Louis, MO, USA). However, the rhodopsin gens (PSO81870.1) was not
expressed in E. coli and therefore was not used in subsequent analyses. The
rhodopsin-expressing cells were collected by centrifugation (4400 x g for 3 min),
washed three times in 100 mM NacCl, and resuspended in 6 mL 100 mM NaCl for
measurements. The cell suspension was placed in the dark until the pH of the sample
had stabilized and was then illuminated by using a 300-W xenon lamp (MAX-303,
Asahi spectra, Co., Ltd., Japan) with a green band-pass filter (520 + 10 nm; MX0520,
Asahi spectra, Co., Ltd., Japan) for 3 min. Light-induced pH changes were monitored
with a pH electrode (LAQUA F-72 pH meter, HORIBA, Ltd., Kyoto, Japan) under the
presence or absence of a protonophore, 30 uM carbonyl cyanide m-
chlorophenylhydrazone (Sigma-Aldrich), to confirm that the changes in pH were

caused by proton transport. All measurements were performed at 4°C.

SDS-PAGE and western blot analysis

For detection of protein expression, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and western blot analysis were carried out. Rhodopsin-
expression E. coli C41 (DE3) cells were resuspended in 100 mM NaCl and these total
proteins were extracted using EzBactYeast Crusher (ATTO Co., Tokyo, Japan)
according to standard method. These extract samples were optimized these densities
using DC™ Protein Assay Kit I (Bio-Rad Lab., Inc., Hercules, CA, USA). These
samples mixed with an equal volume of 2% Laemmli Sample Buffer (Bio-Rad)

containing 2-mercaptoethanol (final concentration = 355 mM) were denatured by
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heating (95°C, 5 min), and the supernatants collected by centrifugation (20,400 x g
for 10 min) were subjected to 12%-acrylamide SDS-PAGE. Immunoblotting analysis
was then performed using an Anti-His-tag mAb-HRP-DirecT (Medical & Biological
Laboratories Co., Ltd., Nagoya, Japan) by the standard method. Antibody binding was
detected by chemiluminescence using Clarity™ Western ECL Substrate (Bio-Rad)
and visualized by Omega Lum G (Aplegen, San Francisco, CA, USA). These were
quantified using ImagelJ software (http://rsb.info.nih.gov/ij/).

Protein purification from E. coli and spectroscopic analysis of N2098R

For protein purification, N2098R-expressing E. coli C41 (DE3) cells were
resuspended in 7 mL buffer containing 50 mM Tris—HCI (pH 8.0) and 500 mM NaCl.
The cells were then disrupted by sonication (UD-200, TOMY Seiko Co., Ltd., Tokyo,
Japan) on ice-cold water. Crude membranes were obtained by ultracentrifugation at
4°C (106,800 x g for 30 min; Optima XPN-90 Ultracentrifuge with SW 32Ti rotor,
Beckman Coulter, USA) and solubilized with 1.0% (w/v) n-dodecyl-B-D-maltoside
(DDM; Dojindo Lab., Kumamoto, Japan). The solubilized N2098R was collected as
the supernatant after ultracentrifugation at 4°C (106,800 x g for 30 min) and purified
with a HisTrap FF Ni**-NTA affinity chromatography column (GE Healthcare,
Amersham Place, England) at room temperature (approx. 25°C). The purified sample
was concentrated, and its buffer exchanged to a new buffer (10 mM Tris—HCI (pH
7.0), 50 mM NaCl, 0.05% DDM) adjusted to 0.5 optical density mL™! at 550 nm by
using an Amicon Ultra Filter (10,000 My, cut-off; Millipore, Bedford, MA, USA) and
centrifugation at 4°C.

UV-Vis spectra were measured using a UV-1800 spectrophotometer
(Shimadzu, Kyoto, Japan) at room temperature (approx. 25°C).

Retinal isomer composition was determined by using high-performance
liquid chromatography ’. Retinal in the sample was extracted with hexane as retinal
oxime after denaturation by methanol (final concentration = 66.7 % (v/v)) with
hydroxylamine (final concentration = 100 mM). Before analysis, each sample was
kept in the dark for more than seven days. For the light adaptation, the sample was
illuminated at 550 + 10 nm light for 10 min. The light power was adjusted to
approximately 10 mW cm 2 by using an optical power meter (#3664, Hioki, Nagano,
Japan). The molar composition of each retinal isomer was calculated from the areas of

the peaks of the high-performance liquid chromatography chromatograms monitored
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at 360 nm. The previously reported absorption coefficients of retinal isomers (51,600,
54,900, 52,100, and 49,000 cm™! M™! for all-trans 15-anti, all-frans 15-syn, 13-cis 15-
anti, and 13-cis 15-syn retinal oximes, respectively) were used in the present
calculation 1%, All measurements were conducted at room temperature (approx.

25°C) under red light (>600 nm).

PK. determination of N2098R

For the pK. determination, purified N2098R was suspended in seven-mix buffer (Tris,
citric acid, MES, HEPES, MOPS, CHES, and CAPS; 10 mM each) containing 50 mM
NaCl and 0.05% DDM,; this buffer has the same buffer capacity over a wide pH

range. The initial pH of the buffer was approximately 6.8. Then, the pH was adjusted
to the desired value (pH 1.00-11.52) by adding a small amount of 1N HCI or NaOH
and the absorption spectrum (250750 nm) was measured for samples under various
pH conditions. All measurements were conducted at room temperature (approx. 25°C)
under room light. Absorption difference (AAbs) at specific wavelengths was plotted
against pH. Then, the acid dissociation constants (pKa.) were estimated by fitting the

data to the Henderson—Hasselbalch equation as follows:

AAbs =

v
1+10(PH-PKa)

tw

where v represents the amplitudes of the change of absorption differences
and w is an offset. After the experiment, the reversibility of the pH-dependent spectral
changes of the samples was checked to confirm that the protein was not denatured

during the experiment.

Time-resolved transient absorption spectroscopy of N2098R

For the flash-photolysis experiment, the purified N2098R was concentrated, and its
buffer exchanged to a new buffer (10 mM Tris-HCI (pH 7.0), 50 mM NaCl, 0.05%
DDM) adjusted to 0.5 optical density mL~! at 550 nm by using an Amicon Ultra Filter
(10,000 My, cut-off; Millipore, Bedford, MA, USA) and centrifugation at 4°C. Time-
resolved absorption spectra from 370 to 700 nm at 5 nm intervals were measured by
using a computer-controlled flash-photolysis system equipped with a Nd:YAG laser
(Surelite I-10; Continuum, San Jose, CA) as an actinic light source and a multichannel
detector (Hamamatsu Photonics K. K., Shizuoka, Japan). The wavelength of the

actinic pulse light was tuned at 555 nm using an optical parametric oscillator (Surelite



OPO plus; Continuum). The other parameters were set as previously described !!.
Data taken before the flash were used as the baseline. At each wavelength, 20 traces
were averaged to improve the signal-to-noise ratio. The temperature of the sample
was kept at 25°C using a thermostat.

To observe proton uptake and release during the photocycle, pyranine (final
concentration = 100 uM; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), which
has often been used to monitor light-induced pH changes in various rhodopsins (e.g.,
S. Inoue et al. 2018 '2), was used as a pH indicator. The pH changes of the bulk
environment were monitored as the absorption changes of pyranine at 450 nm, which
were determined as the difference of absorption changes between the samples with
and without pyranine. A total of 2400 traces were averaged to improve the signal-to-

noise ratio. The temperature of the sample was kept at 25°C using a thermostat.

N2098R and N4075R protein crystallization

DNA fragments containing the N2098R and N4075R genes were amplified by
polymerase chain reaction and sub-cloned into the expression vector pCR2.1-TOPO
with a modified histidine tag for nickel resin and the cleavage site for tobacco etch
virus (TEV) protease at the N-terminus '3.

The N2098R and N4075R proteins used for crystallization were synthesized
by using an E. coli cell-free protein synthesis system according to previously reported
protocols used for NM-R3 production !*-16, After cell-free synthesis reaction and
solubilization with DDM, both proteins were affinity purified on Ni-NTA Superflow
resin (Qiagen). The His-affinity tag was cleaved off with TEV protease, the cleaved
tag and the His-tagged TEV protease were removed by passage though Ni-NTA
Superflow resin, and the N2098R and N4075R proteins were recovered from the
flow-through fraction. The protein solution was concentrated and applied to a
Superdex 200 10/300 column (GE Healthcare). The peak fractions containing the
protein were pooled and concentrated again.

N2098R (81.3 mg/mL) and N4075R (75.9 mg/mL) proteins were crystallized
by the in meso method. The purified protein solution and monoolein (40:60 w/w)
were homogenized and the mixture was placed on a glass well plate using a micro-
dispenser as previously described '*!7. Crystals of N2098R were grown at 20°C in 0.1
M Na-acetate (pH 5.0-5.5), 200250 mM Na-chloride, and 39%—40% polyethylene
glycol 500. Crystals of N4075R were also grown at 20°C in 0.1 M MES (pH 6.1-6.3),
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450 mM magnesium nitrate, and 27% polyethylene glycol 500.

Data collection, structure determination, and refinement

Diffraction data for N2098R were collected at the BL32XU beamline of the SPring-8
synchrotron by using the multiple small-wedge scheme implemented in the ZOO
system 319, A total of 317 small-wedge datasets were collected at 10° using a 5 x 5-
um beam. Data processing was performed using the KAMO program 2° and data from
214 isomorphous small crystals were merged together to generate the final 2.65 A
dataset 2!-2%, Diffraction data for one crystal of N4075R were also collected at the
BL32XU beamline. The structures were solved by molecular replacement using the
Phaser program 2* in the Phenix suite 2°. The search model was the BR trimer ¢ and
the structure was manually rebuilt with the Coot program 7. Data collection and

refinement statistics are presented in Table S2.



Supplementary Results

DK, estimation

Charged residues (e.g., Asp855R and Lys216BR in BR) play essential roles in proton
transportation 28; therefore, we determined the pKa values of the charged residues in
N2098R (Asp74N20%8R and Lys204N29%8R) by pH titration analysis.

Asp74N208R g a putative primary proton acceptor, and so is usually
deprotonated ?; therefore, this pH titration analysis was performed under acid
conditions (pH 6.81-1.00). A spectral red-shift was observed as the pH was lowered
(Fig. S5a). Difference absorption spectra were calculated by subtracting the values
obtained at pH 6.81, and two large peaks were observed at 514.5 and 597 nm (Fig.
S5b). The absorption changes at 514.5 and 597 nm were plotted against pH and plots
below pH 3.0 were fitted to the Henderson—Hasselbalch equation on the assumption

AN2098R \yag estimated to be

of a single pK. value (Fig. S5c¢). The pK. value of Asp7
0.4, which is lower than that of the corresponding amino acid in BR (Asp85), PR
(Asp97), and GR (Asp121) (Table 2) 3%3!, However, since the estimated pK, was not
sufficiently reliable due to the lack of point measured below pH 1.0, we concluded
that the pKa value of Asp74N298R jg less than 2 (Table 2).

Lys204N29%8R g a putative binding site for retinal, which is covalently bound
as a Schiff base and usually protonated 2°; therefore, this pH titration analysis was
performed under alkaline conditions (pH 6.82—11.52). A large spectral blue-shift was
observed as the pH was increased (Fig. S5d). Difference absorption spectra were
calculated by subtracting the values obtained at pH 6.82, and two large peaks were
observed at 363 and 550 nm (Fig. S5e). The absorption changes at 363 and 550 nm
were plotted against pH and the data were fitted to the Henderson—Hasselbalch
equation on the assumption of a single pK, value (Fig. S5f). The pK. value of
Lys204N20%8R wag estimated to be 10.7, which is lower than that of BR (Lys2165®) and
PR (Lys227"R), but higher than that of GR (Lys257°R) (Table 2) 334,

Photocycle of N2098R

Proton uptake and release by N2098R during the photocycle were detected as the time
course of the absorbance changes at 450 nm by using pyranine, a pH-sensitive dye.
Pyranine works as a pH indicator, and the absorbance of pyranine at 450 nm was
bleached under acidic conditions *°. As a result, the absorbance at 450 nm (M-

intermediate) was distinctly bleached and subsequently recovered as compared to the
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signal of only rhodopsin or pyranine (Figs. 3d and S6c). This signal-to-noise ratio of
the pyranine signal is comparable with our previous studies which could discuss the
proton uptake and release processes of proton pumping rhodopsins 1236, Additionally,
no detectable signal of pyranine was observed in the absence of the rhodopsin and in
the presence of only the opsin, indicating that the pyranine signal in the presence of
rhodopsin really significantly reflect the pH change of the bulk solution. These
absorbance changes were observed coinstantaneous with that at 405 nm.

From the absorption maximum and the time period of the photocycle, we
considered the absorbance changes at 620, 405, and 645 nm, observed by flash-
photolysis analysis, to represent the K-, M-, and O-intermediates, respectively (Figs.
3b—e). In addition, the experiments using pyranine revealed that N2098R first releases
a proton and then takes up a proton in its photocycle, simultaneous with the creation
and bleaching of the M-intermediate (Fig. 3d). This manner of proton transport is
identical to that of BR (archaeal proton pump) 37, but differs from that of PR
(eubacterial proton pump) %, and is considered to arise from the conservation of
amino acids Glul82 and Glul192 in N2098R (Glu194 and Glu204 in BR), which are
the proton release group in BR (Fig. S3). Thus, the N2098R photocycle proceeds as
follows: (1) isomerization of retinal from all-trans to 13-cis induced by green light
(550 nm); (2) creation and decay of K-intermediate; (3) creation of M-intermediate
and release of a proton; (4) decay of M-intermediate and uptake of a proton; (5)
creation and decay of O-intermediate; (6) recovery to the original state.

The proton acceptor Asp74N208R has an exceptionally low estimated pKa
value (<2.0) (Fig. S5¢), indicating that Asp74N20%8R ig deprotonated under neutral pH
conditions. In addition, the low pK, value of the Schiff base Lys204N?%%8R indicates
that the retinal Schiff base can easily release a proton under neutral conditions (Fig.
S5f). These photochemical features are very similar to those of BR, indicating that the
rapid photocycle of N2098R and differences in pKa. values for N2098R from other
proton-pumping rhodopsins are a result of slight structural changes compared with
N2098R. Since the rate of decay of the M-intermediate at various pH showed no
linear correlation with pH value below pH 5 (Fig. S6), it is likely that the proton does
not come from the environment directly in this pH range. The several acidic and
alkaline amino acid residues, such as Glu38, Glu85, and Asp104 in N2098R, located
in the intracellular side to the Schiff base are candidates as proton donor residues.

Among them, we propose that Glu85N%®R functions as a proton donor in N2098R
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because the corresponding residue functions as a proton donor in various proton
pumping rhodopsins, such as Asp96 in BR and Glu132 in GR (Fig. S3). On the other
hand, the M-decay rates monotonically decreased above pH 5, which suggests that
Glu85N2098R jg deprotonated and does not function as a proton donor in this pH range.
Thus, the pK, of Glu85N?"8R geems to be around 5 which is significantly lower than

that of the proton donor of BR (Asp965R).

Structural characterization of N2098R

When we examined the overall structure of N2098R, we found that its structure
resembled that of BR, and that the predicted functions of the essential amino acids in
N2098R, as determined by comparison of amino acid sequences and crystal structure
with BR, were supported by mutation analyses. N2098R covalently binds all-trans
retinal in the dark by Schiff base linkage via Lys204N20%R This linkage is stabilized
by deprotonated Asp74N20%8R and Asp200N208R as a counterion. Thus, color changes
were observed for the D74N and D200N, and these absorption maxima were located
at 590 nm and 560 nm, respectively (Figs. S8d and e). These red-shifts compared to
WT (Amax = 550 nm) were caused by protonation of these counterions. In addition,
considering the range of red-shift, we think that D74 is a primary counterion and
D200 is a secondary counterion. In addition, the absorption maxima of D74N was not
red-shifted under the low pH (Fig. S8e). This result suggests that the red-shifts of
Asp74N20%8R ynder the low pH (see Fig. S5a) was caused by protonation of D74. On
the other hand, the absorption maxima of D74N were blue-shifted under the low pH.
We think it was caused by protonation of secondary counterion (Asp200N20%8R) ag
reported in BR 3949,

One major difference between N2098R and BR is that the hydrogen-bonding
counterpart of the putative proton donor residue, Glu85N?%8R (Asp96BR) in the
cytoplasmic region, is Ser39N?98R instead of Thr46BR (Fig. S7¢). In addition, there is
a water molecule between the side chain of Glu85N?*%R (2.4 A distance) and the side
chain of Ser39N2"8R (2 6 A distance). The side chain of Glu85N298R s stabilized via
hydrogen bonds with the side chain of Ser39N?"%R and a water molecule.

4N2098R in

Leud9N?98R jg Jocated near the primary proton acceptor Asp7
N2098R, and this feature is different from the structure of BR and PR (Figs. S7m, n,
and o). Especially, in the case of PR, it is known that His75R forms a H-bond with

the primary proton acceptor Asp97°R, which explains its unusually high pKa !, and
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these residues correspond to His57°® and Asp79*R in Fig. S70. The low pK, value of
Asp74N208R g Jikely due to the absence of a hydrogen-bond between His75"R and
Asp97FR, as in BR. In addition, Arg71N?98R and Ser197N2%8R form a network of water
molecules. It may also contribute to the lower pKa of Asp74N20%R but further
verification is required. Moreover, the monotonic decrease in M-decay (rate) above
pH 5 suggested that the pK, of the proton donor (Glu85N#R) is around 5 and
deprotonated at neutral pH (Fig. S6b). Comparing the structure of N2098R and BR, a
water molecule was closer to the proton donor in N2098R (Glu85) that in BR (Asp96)
(Figs. S7a, b, and p). This interaction between the water molecule and the proton
donor is thought to be responsible for the lower pK, of Glu85N2998R,

Furthermore, we found that N2098R has a long C-terminal extended helix,
which is not conserved in other microbial rhodopsins, including BR and PR, but is
similar to cytoplasmic helix eight of animal rhodopsins. In animal rhodopsins,
cytoplasmic helix eight is anchored to the cell membrane by two Cys residues that are
important for the interaction of light-activated rhodopsin with the retinal G-protein

4243 which acts as a membrane-dependent conformational switch 444,

transducin
Deletion-mutation analysis of the C-terminus suggested that the long C-terminal helix
may support the proton-pumping activity and/or stability of the N2098R structure
(Fig. S8c). However, the two Cys residues are not conserved in the C-terminal helix
region of N2098R; thus, another mechanism is thought to be involved in stabilization

of the structure.
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Supplementary Figures

Subclade
B

E
NA
Blanches

— cyanobacteria
—others

Bootstrap
® 75-100
® 50-75

DTG-motif
rhodopsin

Figure S1. Phylogenetic tree of prokaryotic rhodopsins. A maximum likelihood
tree of amino acid sequences of microbial rhodopsins. Bootstrap probabilities (>50%)
are indicated by colored circles. Green branches indicate cyanobacterial rhodopsins,
and black branches indicate others. Strain names were colored based on phylogenetic
subclades by Shih et al. 2013 45, and strain names in gray are non-cyanobacterial
strains. Rhodopsin families are indicated as follows: NaR (Na*-pumping rhodopsin),
CIR (Cl-pumping rhodopsin), XLR (xanthorhodopsin-like rhodopsin), PR
(proteorhodopsin), XeR (xenorhodopsin), DTG-motif rhodopsin, SR (sensory
rhodopsin-I and sensory rhodopsin-II), BR (bacteriorhodopsin), HR (halorhodopsin),
CyHR (cyanobacterial halorhodopsin), and a novel cyanobacteria-specific clade

(cyanorhodopsin; CyR). The scale bar represents substitutions per site.
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Rippka et al. 1979 #7. Presence of diox! are indicated by gray circles, and that of
rhodopsin genes are indicated by right pointing triangles in different colors. Note that
the b/h genes, which encode other enzyme involved in the retinal synthesis were not
detected from any genomes included in the figure. The scale bar represents

substitutions per site.
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Figure S3. Sequence alignment of rhodopsins. The accessions and rhodopsin
families are as follows: N2098R (BAY09002.1, CyR), B1401R (WP_074382570.1,
CyR), N4075R (GAX43141.1, CyR), MrHR (WP_017314391.1, CyHR), SyHR
(WP_009632765.1, CyHR), BR (CAP14056.1, BR), PR (AAG10475.1, PR), GR
(BAC88139.1, XLR), and ASR (BAB74864.1, XeR). Columns of functionally
important residues are shown in bold. The numbers above the columns indicate amino
acid numbers in BR, and N2098R in parentheses. Known functions are as follows:
primary proton acceptor (Asp85), proton donor (Glu96), proton release group
(Glu194 and Glu204), counterion (Asp212), Schiff base (Lys216). Two carboxylates,
Asp (D) and Glu (E), are shown in blue, and Schiff base Lys (K) is shown in red.

15



All-trans-15-syn —— Dark
- 13-cis-15-syn
13-cis-15-anti
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Figure S4. Retinal configuration of N2098R. HPLC patterns of retinal isomers of
N2098R with (green broken line) and without (solid line) light illumination at 550 +
10 nm for 10 min. The retinal isomer exacted as retinal oximes. Molar comparison of
each retinal isomer was calculated from areas of peaks in the HPLC patterns using
absorption coefficients of retinal isomers (51,600, 54,600, and 47,900 cm™' M™! for

all-trans 15-anti, all-trans 15-syn, and 13-cis retinal oximes, respectively).
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Figure S5. pH-induced spectral changes of N2098R over a spectral range of 250—
750 nm. Sample was suspended in a seven mix buffer with 50 mM NaCl and 0.05%
DDM. (a) Absorption spectra at acidic pH from 6.81 (blue line) to 1.00 (red line),
where the pH was adjusted to the desired value by adding 1N HCI. Absorption spectra
changes were indicated gradation line from light gray (pH 6.81) to black (pH 1.00).
(b) Difference spectra at acidic pH (6.81-1.00). Spectrum at pH 6.81 was subtracted
from each spectrum and is described as a baseline. (¢) Estimation of pK, value of
Asp74 in N2098R. Absorption differences at 514.5 nm (opened circles) and 597 nm
(closed circles) were plotted against pH values. The data ranging from pH 1.00 to
2.97 were analyzed by using the Henderson-Hasselbalch equation with a single pKa
(solid lines). (d) Absorption spectra at alkaline pH from 6.82 (blue line) to 11.52 (red
line), where the pH was adjusted to the desired value by adding 1N NaOH.
Absorption spectra changes were indicated gradation line from light gray (pH 6.82) to
black (pH 11.52). (e) Difference spectra at alkaline pH (6.82—11.52). The spectrum at
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pH 6.82 was subtracted from each spectrum and is described as a baseline. (f)
Estimation of the pKa value of Lys204 in N2098R. Absorption differences at 363 nm
(closed circles) and 550 nm (opened circles) were plotted against pH values. The data
ranging from pH 6.82 to 11.52 were analyzed by using the Henderson-Hasselbalch

equation with a single pKa (solid lines).
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Figure S6. Flash analyses of N2098R. M-decay of N2098R at varying pH under

room temperature. pH-dependency on curve at M-intermediate (405 nm) (a) and

estimated M-decay rate constant at varying pH (b). (¢) Flash-induced kinetic data of

N2098R and pyranine (gray line), only N2098R (green line), and only pyranine

(purple line). The gray line represents the absorption changes of pyranine monitored

at 450 nm.
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Figure S7. Structural comparison between N2098R (magenta; PDB code 6L.MO0),
N4075R (blue; 6LM1), BR (yellow; 1C3W), GR (gray; 6NWD), ASR (cyan;
1XI0), and PR (green; 4JQ6). Overall structural comparison between N2098R
(magenta) and N4075R (blue), viewed parallel to the membrane (a), and structural
comparison between N2098R (magenta) and N4075R (blue) of the retinal binding
region (b), and proton release region (c). Overall structural comparison between
N2098R (magenta) and BR (yellow), viewed parallel to the membrane (d), and
structural comparison between N2098R (magenta) and BR (yellow) of the retinal
binding region (e), and proton release region (f). Overall structural comparison

between N2098R (magenta) and ASR (cyan), viewed parallel to the membrane (g),
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and structural comparison between N2098R (magenta) and GR (gray) of the retinal
binding region (h), and proton release region (i). Overall structural comparison
between N2098R (magenta) and ASR (cyan), viewed parallel to the membrane (j),
and structural comparison between N2098R (magenta) and ASR (cyan) of the retinal
binding region (k), and proton release region (I). Structure of the near the primary
proton acceptor in N2098R (m), BR (n), and PR (o). (p) Structure comparison around
the proton donor between N2098R (Glu85), BR (Asp96), and N4075R (Asp88).
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Figure S8. Mutation analyses of N2098R. (a) The pellet color of mutants. (b)
Detection of protein expression of mutants by western blots using an anti-His-tag
antibody. These proteins were expressed in E. coli cells with a His-tag at the C-
terminal except 1-215 and 1-224 truncated proteins inserted the stop codon before a
His-tag region. The monomer-band of mutants (around 22 kDa) were quantified using
Imagel software. (¢) Light-induced pH changes of N2098R mutants-expressing E.
coli cell suspensions at 4°C. pH changes of E. coli cells expressing N2098R WT,
D74N, E85Q, D200N, 1-215, and 1-224. All measurements were performed under
the dark condition (gray background) and illuminated at 520 + 10 nm for 3 min (white
background). (d) UV—Vis spectra of D74N mutant under the low pH. (¢) UV—Vis
spectra of D200N mutant.
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Table S1. Rhodopsin distribution in cyanobacterial lineage.

Clade Subclade

Strain

Xanthorhodopsin-like rhodopsin (XLR) B

Halothece sp. PCC 7418

D

Phormidesmis priestleyi BC1401

NA

Gloeobacter violaceus PCC 7421 (GR)

Xenorhodopsin (XeR) B

Aliterella atlantica CENAS95
Calothrix sp. PCC 7103

Chamaesiphon minutus PCC 6605
Chroococcidiopsis sp. CCALA 051
Chroococcidiopsis thermalis PCC 7203
Cyanothece sp. PCC 7424

Fischerella sp. PCC 9605

Gloeocapsa sp. PCC 7428

Nostoc sp. PCC 7120

Leptolyngbya boryana PCC 6306
Leptolyngbya ohadii 1S1

Cyanothece sp. PCC 7425

s3]

Na'-pumping rhodopsin (NaR)

Myxosarcina sp. GI1

™

Cyanobacterial halorhodopsin (CyHR)

Aliterella atlantica CENAS95

Calothrix sp. HK-06

Chamaesiphon minutus PCC 6605

Chlorogloea sp. CCALA 695
Chroococcidiopsis sp. CCALA 051
Chroococcidiopsis thermalis PCC 7203
Mastigocladopsis repens PCC 10914
Myxosarcina sp. GI1

Nostoc sp. 106C

Nostoc sp. Lobaria pulmonaria 5183 cyanobiont
Nostoc sp. Peltigera membranacea cyanobiont 210A
Nostoc sp. RF31Y

Nostoc sp. TO9

Scytonema sp. HK-05

Scytonema tolypothrichoides VB-61278
Synechocystis sp. PCC 7509

Tolypothrix bouteillei VB521301

Tolypothrix campylonemoides VB511288

Leptolyngbya ohadii 1S1
Leptolyngbya sp. NIES-2104
Leptolyngbya sp. NIES-3755
Phormidesmis priestleyi BC1401
Phormidesmis priestleyi ULC007

Cyanothece sp. PCC 7425

Cyanorhodopsin (CyR)

Calothrix sp. NIES-2098

Cyanobacteria bacterium QH_1_48 107
Cyanobacteria bacterium QH_7_48 89
Cyanobacteria bacterium QH_2_48 84
Cyanobacteria bacterium QH_10 48 56
Cyanobacteria bacterium QS_1_48_34
Cyanobacteria bacterium QH_6_48 35
Cyanobacteria bacterium QS_4 48 99
Cyanobacteria bacterium QH_8 48 120
Nostoc sp. 106C

Nostoc sp. RF31Y

Tolypothrix sp. NIES-4075

Phormidesmis priestleyi BC1401
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Table S2. X-ray data collection, phasing and refinement statistics.

N2098R N4075R
PDB ID 6LMO 6LM1
No. of Crystals for refinement 214 1
Data collection
Space group C222, C222;
Cell dimensions
a,b,c(A) 64.5, 107.6, 224.5 107.9, 129.7, 127.6
a, B, v(°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Wavelength (A) 1.0 1.0
: 44.48 -2.65 4548 -1.9
Resolution (A) (2745 -2.65) (1.968 -1.9)
Total reflections 1678894 (170204) 141176 (14040)
Unique reflections 23176 (2289) 70588 (7020)
Redundancy 72.4 (74.4) 2.0 (2.0)
Completeness (%) 99.9 (99.8) 99.9 (99.9)
1 /o(]) 10.8 (1.8) 18.3 (3.0)
R-merge (%) 72.7 (727.7) 20.9 (22.8)
R-meas (%) 73.1(732.2) 29.6 (32.3)
CCi2 (%) 99.3 (63.3) 100 (90.2)
Refinement
Ry o (0) 22.7 17.0
Ry (%) 27.4 20.6
r.m.s.d. bond lengths (A) 0.002 0.007
r.m.s.d. bond angles (°) 0.65 0.74
Number of water molecules 59 189
Average B factor (Az)
all 41.3 36.9
protein 41.4 34.5
ligand 37.5 522
solvent 40.4 50.2
Ramachandran plot
Most favored regions (%) 97.3 99.1
outliers (%) 0 0

Statistics for the highest-resolution shell are shown in parentheses.
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Table S3. Comparing the root-mean-square deviation (RMSD) with N2098R and
N4075R.

N2098R N4075R
N4075R 0.733 A -
Bacteriorhodopsin (BR; 1C3W) 0.994 A 1.100 A
Anabaena sensory rhodopsin (ASR; 1XI10) 1.404 A 1.257 A
Proteorhodopsin (PR; 4JQ6) 1.717 A 1.637 A
Xanthorhodopsin (XR; 3DDL) 1.901 A 2.176 A
Gloeobacter thodopsin (GR; 6NWD) 1.910 A 2.190 A
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