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Microbial rhodopsins are photoreceptive transmembrane proteins that transport ions or regulate other
intracellular biological processes. Recent genomic and metagenomic analyses found many microbial rhodopsins
with unique sequences distinct from known ones. Functional characterization of these new types of microbial
rhodopsins is expected to expand our understanding of their physiological roles. Here, we found microbial
rhodopsins having a DSE motif in the third transmembrane helix from members of the Actinobacteria. Although
the expressed proteins exhibited blue—green light absorption, either no or extremely small outward H* pump
activity was observed. The turnover rate of the photocycle reaction of the purified proteins was extremely slow
compared to typical H" pumps, suggesting these rhodopsins would work as photosensors or H* pumps whose
activities are enhanced by an unknown regulatory system in the hosts. The discovery of this rhodopsin group with
the unique motif and functionality expands our understanding of the biological role of microbial rhodopsins.

Key words: microbial rhodopsins, H" pumping activity, flash photolysis, photocycle, metagenomics

o Significance W

Microbial rhodopsins are photoreceptive membrane proteins with diverse biological functions. The three-residue
motif in the third helix plays a critical role in determining their molecular functions. Here, we report DSE motif
rhodopsins from members of the Actinobacteria. Regardless of DTD/DTE motifs common in outward H" pumping
rhodopsins, no or weak outward H" pump activity was observed upon light illumination. Most DSE rhodopsin
genes make a gene cluster with genes of signaling and metabolic proteins. This suggests that DSE rhodopsins could
work either as photosensors or outward H" pumps which are regulated by an unknown cellular factor.
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Introduction

Microbial rhodopsins are a super-family of heptahelical transmembrane photoreceptive membrane proteins using all-
trans-retinylidene Schiff base chromophore, so-called all-trans-retinal [1-4]. Microbial rhodopsins are present in diverse
microorganisms over three domains of life: bacteria, archaea, unicellular algae, fungi, protists, etc., and even in giant
viruses [2—4]. Most microbial rhodopsins transport ions using light energy in an active (ion-pumping rhodopsins) or

passive (channelrhodopsins) manner [3,5,6]. Additionally, microbial rhodopsins which regulate C-terminally fused
enzyme domains or bestrophin ion channel domains are known [7,8].
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Figure 1 (A) The phylogenetic tree of microbial rhodopsins with DSE rhodopsins. The branch of DSE rhodopsins was
shown in blue. (B) Expanded view of the branch of DSE rhodopsins in (A). The branches of the three representative DSE
rhodopsins were shown in red. The nodes with bootstrap values >80% were indicated by green circles.
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Recent progress in genomic and metagenomic analyses on the genomes of microorganisms revealed thousands of novel
microbial rhodopsin genes [9-12]. While many rhodopsins having new functionality were found among them, the amino
acid residues essential for each function were also identified [2]. One of the most prominent examples of the key amino
acid residues is the so-called “motif” residues in the third transmembrane helix (TM3). The canonical outward proton
(H") pumping rhodopsin, bacteriorhodopsin (BR) from Halobacterium salinarum [13], has two highly important aspartic
acids, Asp85 and Asp96, on the extracellular and cytoplasmic sides of TM3, respectively [14]. Asp85 is deprotonated in
the dark and stabilizes the protonated Schiff base linkage of the retinal chromophore (retinal Schiff base, RSB) as its
counterion. The retinal chromophore isomerizes to the 13-cis form after light absorption, and then an H" is transferred
from RSB to Asp85, resulting in the blue shift of the absorption of the chromophore to near-UV region [1]. This
blueshifted state is called M state. After the M state, Asp96, which is protonated in the dark, transfers another H to the
deprotonated RSB, leading to the outward H' transport in concert with the H acceptance of Asp85. With Thr89, which
is present between Asp85 and 96 in TM3 and critical in the H' transfer between the RSB and Asp85 [15], these residues
are called the “DTD motif” [5]. The residues at these positions play critical roles in other types of microbial rhodopsins.
Furthermore, there is a substantial correlation between the function and motif types especially in ion-pumping rhodopsins
[2,16]: e.g., DTD/DTE/DTK/DTG/DTS: outward H* pump [10,17-19], TSA/TSD/TTD/NTQ: inward CI” pump [20-23],
NDQ: outward H* pump [5], FSD/FSE: inward H" pump [24], etc. Interestingly, xenorhodopsins (XeR), a group of inward
H*-pumping rhodopsins [25], show diversified motifs (DSX/DTX where X is A, I, L, M S, or T). However, they have a
unique proline at a position homologous to BR Asp212 which works as the second counterion of RSB in TM7, suggesting
TM7 is important for the functionality of XeR [25].

To explore functionally novel microbial rhodopsins, we comprehensively checked motif residues in the microbial
rhodopsins in microbiomes associated with terrestrial lichens and found a new group of 16 rhodopsins having “DSE
motif”. They are phylogenetically distinct from other microbial rhodopsin groups (Figure 1). All were determined to be
derived from members of the Actinobacteria, primarily of the order Micrococcales. Since there is no group of microbial
rhodopsins having the same motif, it is difficult to presume the function of DSE rhodopsins. Hence, here we conducted
biophysical characterization of three representative DSE rhodopsins, one from Micrococcales: RL6 scaffold 60 428 RL6
Micrococcales 72 31|RL6 (DSE428), one from Actinobacteria: TL7 scaffold 42009 3|TL7 Actinobacteria 71 30|TL7
(DSE009), and one from unknown species: RL11 scaffold 106307 3]RL11 UNKJ|RL11 (DSE307) (red lines in Figure 1B).

Materials and Methods

Exploration of DSE Rhodopsin Genes

We sampled over 30 lichens from the Angelo Coastal Reserve in northern California, USA to study their eukaryotic and
bacterial components. Six individual lichens samples, representing six distinct lichen holobionts from rock and tree
substrates, were then selected for metagenomic sequencing. DNA was extracted from each sample and Illumina NovaSeq
2x250PE read sequencing performed, resulting in a total of 713.6 million reads and 178.4 Gbp of total sequencing length
(average of 29.7 Gbp of sequencing data per sample). Metagenomic reads were then de novo assembled using MEGAHIT
v1.2.8 [26]. Protein predictions from assembled scaffolds were made using Prodigal (meta mode) and annotated using
USEARCH against the KEGG, UniRef, and UniProt databases. Candidate rhodopsins were extracted by a text-based
search of all annotations and subjected to further annotation via kofamscan. Only those candidate rhodopsins that were >
200 amino acids in length and attained best hits to the K04641 (bacteriorhodopsin), K04643 (sensory rhodopsin), or
K04642 (halorhodopsin) models at or below an e-value of 1E-5 were retained for downstream analysis. Triplet motifs
were extracted by alignment with characterized rhodopsin reference sequences (including BR).

A group of rhodopsin sequences with a novel DSE triplet motif were selected and further examined. First, scaffolds
encoding DSE sequences were taxonomically profiled using annotations for all genes encoded on the scaffold. Phylum
and order level affiliations were determined by the majority rule. The accuracy of predicted protein sequences was then
verified by re-mapping of the original metagenomic reads to assembled scaffolds followed by manual curation to identify
assembly errors. Finally, the genomic context for novel DSE rhodopsins was examined by secondary annotation of
neighboring genes with kofamscan at a more stringent threshold (e<1E-20) and visualized using gggenes.

Construction of DNA Plasmids for DSE Expression

The genes encoding DSE rhodopsins (DSE428 (from Micrococcales), DSE009 (from Actinobacteria), DSE307
(Unknown)), with codons optimized for Escherichia coli expression, were synthesized using GenScript (Nanjing, China)
(Supplementary Table S1) and cloned into Ndel-Xhol site of the pET21a (+) vector (Novagen, Merck KGaA, Germany).
The plasmids were transformed into E. coli C43 (DE3) strain (Lucigen, WI). For mutagenesis, the QuikChange site-
directed mutagenesis method (Agilent Technologies, CA) was employed according to a standard protocol. The primer
sequences used for mutagenesis are listed in Supplementary Table S2.
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Protein Expression and Purification

E. coli cells harboring the DSE-cloned plasmids were cultured in 2xYT medium containing 50 pg/mL ampicillin. The
expression of C-terminal 6x His-tagged proteins was induced by 0.1 mM IPTG in the presence of 10 uM all-trans-retinal
(Toronto Research Chemicals, Canada) at 37 °C for 4 h.

Proton Transport Activity Assay

Rhodopsin-expressing E. coli cells were collected through centrifugation at 4,800 xg at 20 °C for 2 min (CF15RF;
Eppendorf Himac Technologies, Japan) and washed with 100 mM NaCl. The cells were equilibrated three times with
rotational mixing in 100 mM NaCl at room temperature for 10 min. Finally, the cells were suspended in 7.5 mL of
unbuffered 100 mM NaCl and the optical density (OD) at 600 nm was adjusted to 2. The cell suspension was placed in
the dark in a glass cell at 20 °C and illuminated at A = 520 + 10 nm from the output of a 300 W xenon light source (MAX-
303; Asahi Spectra, Japan) through band-pass (F10-520.0-4-1.00, CVI Melles Griot) and heat-absorbing (HAF-50S-50H;
SIGMAKOKI, Japan) filters. Light-induced pH changes were measured using a pH electrode (9618S-10D; HORIBA,
Japan). The measurements were repeated under the same conditions after the addition of carbonyl cyanide m-
chlorophenylhydrazone (CCCP, final concentration = 10 pM).

Hydroxylamine Bleaching

To quantitatively compare ion transport activity, the amount of protein was determined by measuring the near-UV
absorption of retinal oxime generated by the hydrolysis reaction between the retinal Schiff base (RSB) in the proteins and
hydroxylamine (HA). Briefly, rhodopsin-expressing E. coli cells were washed with a buffer containing 133 mM NaCl and
66.5 mM Na,HPOs (pH 8.0). The washed cells were treated with 1 mM lysozyme and a small amount of DNasel for 1 h
and disrupted through sonication. To solubilize rhodopsins, 3% n-dodecyl-pB-D-maltopyranoside (DDM) was added, and
the samples were stirred overnight at 4 °C. The rhodopsins were bleached with 50 mM HA and illuminated with visible
light (4 > 500 nm) from the output of a 300 W xenon lamp (MAX-303, Asahi Spectra, Japan) through long-pass (Y-52;
AGC Techno Glass, Japan) and heat-absorbing (HAF-50S-50H, SIGMAKOKI, Japan) filters. The absorption changes
due to the bleaching of rhodopsin by the hydrolysis reaction between retinal and HA and the formation of retinal oxime
were measured using a UV—visible spectrometer (V-750; JASCO, Japan). The molecular extinction coefficient (¢) of
rhodopsin was calculated as the ratio between the absorbance of rhodopsin and retinal oxime (¢ = 33,900 M! cm ™) [27],
and the amount of rhodopsin expressed in E. coli cells was determined by the absorbance of bleached rhodopsin and its €.
Relative ion transport activities were normalized to the relative amounts of expressed proteins.

Protein Purification

To investigate the photoreaction of DSE rhodopsins, DSE009 was chosen as a representative sample of DSE rhodopsin
protein set, and it was purified. The harvested cells were sonicated (Ultrasonic Homogenizer VP-300N; TAITEC, Japan)
for disruption in a buffer with 50 mM Tris—HCI (pH 8.0) and 5 mM MgCl,. The membrane fraction was collected through
ultracentrifugation (CP80NX; Eppendorf Himac Technologies, Japan) at 142,000 xg for 1 h. The protein was solubilized
in a buffer containing 50 mM MES-NaOH (pH 6.5), 300 mM NaCl, 5 mM imidazole, and 5 mM MgCl,. After that, a
second membrane fraction collection by ultracentrifugation at 142,000 xg for 1 h was performed. Then, the protein was
solubilized in a buffer containing 50 mM MES—NaOH (pH 6.5), 300 mM NacCl, 5 mM imidazole, 5 mM MgCl,, and 3%
DDM (ULTROL Grade; Calbiochem, Sigma-Aldrich, MO). Solubilized proteins were separated from the insoluble
fractions through ultracentrifugation at 142,000 xg for 1 h. Proteins were purified using a Ni-NTA affinity column
(HisTrap HP His tag protein purification column with Ni Sepharose™ High Performance (HP) affinity resin; Cytiva, MA).
The resin was washed with a buffer containing 50 mM MES-NaOH (pH 6.5), 300 mM NaCl, 50 mM imidazole, 5 mM
MgCls, and 0.1% DDM. Proteins were eluted in a buffer containing 50 mM Tris—HCI (pH 7.0), 500 mM NacCl, 500 mM
imidazole, 5 mM MgCl,, and 0.1% DDM. The eluted protein was dialyzed in a buffer containing 50 mM Tris—HCI (pH
8.0), 100 mM NaCl, and 0.05% DDM to remove imidazole.

pH Titration

To investigate the pH dependence of the absorption spectra of DSE009, the concentration of protein was adjusted to OD
= ~0.5 at *nax and solubilized in a 6-mix buffer (trisodium citrate, MES, HEPES, MOPS, CHES, CAPS (10 mM each,
pH 7.0), 100 mM NacCl, and 0.05% DDM). The pH was adjusted to the desired value by the addition of small aliquots of
HCI and NaOH. Absorption spectra were recorded using a UV-vis spectrometer (V-750, JASCO, Japan). The
measurements were performed at every 0.3—0.6 pH values.

Laser Flash Photolysis

The details of the laser flash photolysis system have been reported [5,24]. DSE009 was purified and sample solution
was exchanged with a buffer containing 20 mM HEPES—NaOH (pH 7.0), 100 mM NacCl, and 0.05% DDM. The absorption

201023 4



Marin et al.: Biophysical characterization of DSE rhodopsins

of the protein solution was adjusted to ~0.5 (total protein concentration of ~0.25 mg mL™') at an excitation wavelength
of 532 nm. The sample was illuminated with a beam of second harmonics of a nanosecond-pulsed Nd:YAG laser (4 =532
nm, 5.7 mJ cm 2, 0.025-1 Hz) (INDI40; Spectra-Physics, CA, USA). The time evolution of the transient absorption change
was obtained by observing the intensity change of the output of a xenon arc lamp (L9289-01; Hamamatsu Photonics,
Japan) monochromated by a monochromator (S-10; SOMA OPTICS, Japan) and passed through the sample after
photoexcitation using a photomultiplier tube (R10699; Hamamatsu Photonics, Japan) equipped with a notch filter (532
nm, bandwidth = 17 nm) (Semrock, NY) to remove the scattered pump pulse. To increase the signal-to-noise ratio (SNR),
1020 signals were averaged. The signals were globally fitted with a multi-exponential function to determine the lifetimes
and absorption spectra of each photointermediate.

Results

Light-Driven H* Transport Activity Assay by DSE Rhodopsins

To investigate the ion transport function of three DSE rhodopsins (DSE428, 009, and 307), all proteins were expressed
in E. coli cells. All cells showed orangish colors, indicating the formation of functional rhodopsins with the retinal
chromophore. The H transport activity of E. coli cells was assayed by observing light-induced pH changes of the external
solvent, as it was employed previously [24,28] and the results are summarized in Figure 2A. A cell suspension of E. coli
expressing H" pump shows acidification (pH decrease) or alkalinization (pH increase) of the external medium upon
illumination by outward or inward H' transport, respectively, and the signals are eliminated in the presence of a
protonophore, CCCP. Although the expressed proteins exhibited orangish colors indicating blue—green light absorbing
property, DSE428 and DSE307 did not show any ion transport activity. Only an extremely small outward H" pump activity,
i.e., acidification or pH decrease, of the external solvent upon illumination was observed in the case of DSE009 (Figure
2A). The signal was eliminated in the presence of CCCP indicating it derived from the outward H* transport by DSE009.

(A) DSE motif (B) DTE motif
DSE428 |5 B DTE428
et
5 >
S DSE009 S DTE009
I T
o o
g DSE307 < 8 DTE307
e an————— vt
] ] ] T T T
Time (100 s/div.) Time (100 s/div.)

— — CCCP — +CCCP Light (Amax =520 = 10 nm)

Figure 2 Light-driven active H* transport by DSE rhodopsins and their DTE-motif mutants. (A, B) H' transport activity
assay of DSE rhodopsins (A) and their DTE-motif mutants (B) in E. coli cells without (blue) and with (green) 10 uM
CCCP. The cells were illuminated with light (1 = 520 £ 10 nm) for 150 s (light green). The pictures of the pellets of E.
coli cells expressing DSE rhodopsins and DTE-motif mutants were shown next to the corresponding results.

Although the DSE motif is different from the DTD or DTE motifs, which are the most common among the outward H*
pumping rhodopsins, serine and threonine have similar chemical character. The weak outward H" pumping function of
DSEO009 is consistent with this chemical similarity, and the DTE motif is more effective to achieve higher transport activity.
With this motivation, we constructed the DTE motif by site-directed mutagenesis for these three DSE rhodopsins (DTE428,
009, and 307) and evaluated their H" transport activity (Figure 2B). The signal was slightly enhanced for DTE009, whereas
DTEA428 and DTE307 still did not display any ion transport activity.
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Absorption Spectra of DSE Rhodopsins

To quantify the absorption properties of DSE rhodopsins, the samples were illuminated in the presence of HA. This
photoreaction process converts the protein-bound retinal chromophore into retinal oxime which will be released, so that
one can easily obtain the absorption maximum wavelength (4nax) of each protein without purification by calculating the
difference absorption spectra between after and before the reaction with HA. Figure 3A shows the result representing the
photobleaching of DSE428, 009, and 307 in the presence of 50 mM HA (see “Material and Methods” section). Two
positive peaks at around 545 nm (except for DSE307, which this same positive peak appears around 514 nm) and 420 nm
corresponding to the unphotolyzed protein and one negative peak at 350—360 nm corresponding to retinal oxime were
observed. The positive peak at > 500 nm and ~420 nm represents the unphotolyzed protein with protonated RSB and
deprotonated RSB, respectively. Whereas the former is considered to represent functional state as many other rhodopsins,
the latter would represent unfunctional state or be originated from denatured protein. Although protein pellets showed
orangish colors (Figure 2A), what can make us hypothesize blue—green light absorbing property, DSE428 and DSE009
rhodopsins displayed A*max above 540 nm, while DSE307 presented the most blueshifted A*max value compared with the
other two DSE rhodopsins. This spectral blueshift observed in DSE307 with respect the other studied DSE rhodopsins
could be motivated by the different amino acid residues present close to the Schiff base (SB) (Supplementary Figure S1).
Next to the lysine residue, which is linked to the retinal chromophore (Supplementary Figure S1, purple diamond),
DSE428 and DSE009 conserve the same alanine residue as in BR and GR. However, in the case of DSE307, this alanine
is substituted by a serine residue. Consistent with the color tuning theory described in the literature [29,30], such polar
amino acid residue, placed near the RSB, would cause a spectral blueshift. The similar spectral blueshift was observed for
DTE307 compared with the other two DTE mutants (Figure 3B). In addition, we observed a systematic blueshift in all the
DTE mutants with respect to original DSE rhodopsins, especially the strongest blueshift was observed between DSE009
and DTE009 (14-nm shift), suggesting slight structural difference between serine and threonine with an additional methyl
group in the latter can change the electronic state of the retinal substantially.
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Figure 3 (A, B)Light-induced difference absorption spectra of DSE rhodopsins (A) and their DTE mutants (B) in the
presence of 50 mM HA. The difference in absorption spectra before and after HA bleaching reactions of DSE rhodopsins
and DTE mutants in solubilized E. coli membranes. The A%nax of each DSE rhodopsin and DTE mutant was determined
by the positions of the absorption indicated in each panel, and the absorption of retinal oxime produced by the hydrolysis
reaction of RSB, and HA was observed as negative peaks in the proximity of 360—370 nm. The reaction proceeded with
light (A > 500 nm) illumination for up to 64 min for DSE motif rhodopsins and 32 min for DTE motif rhodopsins.

Absorption Spectra and Photocycle of DSE009

To further study the molecular properties of DSE rhodopsins, we purified and spectroscopically investigated DSE009
which exhibited substantial H* pump activity. The absorption spectrum of purified DSE009 exhibited A%nax of 536 nm in
detergent (DDM) (Figure 4A). The absorption peak was highly redshifted at acidic pH (from 536 to 562 nm)
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(Supplementary Figure S2A). This redshift in the A*nax value was caused by the protonation of the primary counterion (i.e.,
the aspartic acid in the DSE motif) (Figure 4B). On the other hand, at alkaline pH (Supplementary Figure S2B), this peak
moved to the near-UV region, indicating the deprotonation of the RSB. By fitting the absorption change with the
Henderson—Hasselbalch equation [31], the pK, values of the counterion and RSB were estimated. While the former was
1.28 £ 0.01, the RSB exhibited two-step deprotonation with pKai = 9.1 + 0.7 and pKa» = 11.988 + 0.008, respectively
(Figure 4B and C).
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Figure 4 Absorption spectrum of purified DSE009 and pH dependence of the absorption. (A) UV-vis absorption
spectrum in 20 mM HEPES—NaOH (pH 7.0), 100 mM NaCl, and 0.05% DDM. The picture of the purified protein is
shown next to the corresponding result. The purified DSE009 showed A%max of 536 nm in DDM. (B) and (C) Absorption
change representing protonated (B) and deprotonated (C) RSB at different pH. pK, values were estimated by fitting the
absorption change with the Henderson—Hasselbalch equation [31]. Especially, the global fitting was performed against
the absorption changes at two different wavelengths in (C). The protein was solubilized in 100 mM NaCl, 6-mix buffer
(trisodium citrate, MES, HEPES, MOPS, CHES, and CAPS (10 mM each)), and 0.05% DDM.
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Figure 5 Transient absorption changes and the photocycles of DSE009. (A) Transient absorption spectra, (B) time
evolution of transient absorption changes at specific probe wavelengths, and (C) photocycle model determined by
analyzing the time evolution with multiexponential functions (dashed yellow lines in figure B, Supplementary Table S3)
in a buffer containing 20 mM HEPES—NaOH (pH 7.0), 100 mM NaCl, and 0.05% DDM. The most dominant components
in multi-exponential process were highlighted in bold.
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We next studied the photocycle reaction of DSE009 by the laser flash photolysis, in which the DSE009 protein was
solubilized in DDM (Figure 5). Figure 5A shows the transient change in absorption of DSE009 upon excitation at A = 532
nm, representing the accumulation of photointermediates at 400 nm similar to BR’s M intermediates [32]. Simultaneously,
the full bleaching signal at A = 534 nm was observed indicating only the M intermediate accumulated at > 420 ms. To
monitor the transient absorption change representing short-lived intermediates prior to the M, we conducted measurement
at specific probe wavelengths with a photomultiplier tube at higher time resolution (Figure 5B). The decays of K and L
intermediates are represented by the decrease in absorption at 544 and 604 nm, respectively (Figure 5B). The triple
exponential decay in the K/L had lifetimes of 7 = 0.8 us, 7.2 ps, and 2.2 ms, and the accumulation of the blueshifted M
intermediate was observed simultaneously at 400 nm (Figure 5B—C, Supplementary Table S3). The decay of M was also
well reproduced with a triple exponential function with the lifetimes of T = 411 ms, 4 s, and 14 s (Figure 5C,
Supplementary Table S3). As in other sensory rhodopsins [33,34], the last long-lived M photointermediate in DSE009
could correspond to the signaling state as photosensor. The turnover rate of the photocycle reaction of the purified protein
was extremely slow compared to canonical H* pumping rhodopsins typically in several tens to hundreds milliseconds [35]
(Figure 5C), suggesting these new rhodopsins could function as photosensors, such as sensory rhodopsins [36,37]
(Supplementary Figure S1), or H" pumps whose activities are enhanced by currently unknown regulatory systems in the
genome [38].

Genomic Context of DSE Rhodopsins

Annotation of neighboring genes revealed that DSE rhodopsins in Actinobacteria are frequently surrounded by putative
serine/threonine protein kinases (K08884), putative agmatine deiminases (K10536), and putative para-nitrobenzyl
esterases (K03929) (Figure 6). In some cases, multiple genes likely encoding serine/threonine protein kinases were found
in the immediate vicinity, although not always in the same strand as that encoding the rhodopsin (Figure 6). Notably, no
incidences of brp/blh, the gene required for the synthesis of the retinal cofactor essential to functioning rhodopsin, were
found within 5 kbp of the rhodopsin.

RL11_scaffold_2384 DIOXd [ Xkosss4 K |[K10536 » [K08884 >
14000 16000 18000 20000
K12132
RL11_scaffold_52175 4 [ {K08884 K | [K10536 >
0 1000 2000 3000 4000 5000
RL3_scaffold_21815 [K05366)<K08884 |<{K10536 || Y[K08884 X T 1 XK]
0 2000 4000 6000 8000
RL6_scaffold_60 {K05521 K | X | (ko203 ] »<{K05366 |
440000 442500 445000 447500
TL2_CC_scaffold_429 {K08884 | {10536 ] Y K08884 X1 X1
25000 27500 30000
TL7_scaffold_103645 ( | »(K08884 K¢ | [K10536 »  [K08884 >
0 2000 4000 6000
TL7_scaffold_86293 {K08884 | {K10536 I ) [K08884 X D
0 2000 4000
TL7_scaffold_9486 [K05366 »{K08884 | <K10536 || YKossss X | [ X K]
0 2500 5000 7500 10000

Figure 6 Genomic context for a subset of DSE rhodopsins (indicated in green). Neighboring genes that could be
confidently annotated by KEGG are indicated in gray along with the highest scoring hidden Markov model (HMM) model.
Genes that could not be confidently annotated are indicated in white. Numbers below gene diagrams indicate the genomic
coordinates along the encoding scaffold.
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Discussion

DSE motif rhodopsins were first identified in the members of Actinobacteria, primarily of the order Micrococcales and
are in phylogenetically positions distinct from typical microbial rhodopsins groups (Figure 1). The novel DSE motif is
unique among microbial rhodopsins. For this reason, it is difficult to figure out the function of DSE rhodopsins. The well-
studied outward H" pumping rhodopsins, BR and proteorhodopsin (PR) [39], possess the characteristic DTD and DTE
motifs, respectively, in which the first D is a counterion of the protonated RSB and also works as the proton acceptor from
it (Asp85 for BR, see Supplementary Figure S1). The third D and E in BR and PR, respectively, are the proton donor for
the Schiff base reprotonation (Asp96 for BR, see Supplementary Figure S1). This amino acid-residue configuration is also
observed in DSE rhodopsins. Based on this reasoning, DSE rhodopsins could be also candidates to exhibit a light-driven
H™ pump function as BR and PR. The present light-driven H* transport assay experiments demonstrated that only DSE009
rhodopsin showed an extremely small outward H" pump activity (Figure 2A). Since DSE rhodopsins possess a serine
residue instead a threonine, which is the most popular one among the outward H* pumping rhodopsins and it is a critical
element in the H transfer between the RSB and the proton acceptor [15], the light-driven H* transport assay experiments
were conducted again with the construction of the DTE motif in DSE rhodopsins by site-directed mutagenesis (Figure
2B). However, again, only DTE009 presented an enhancement for the signal with respect to the other two DSE rhodopsins.
Although this short experiment revalidated the importance of the presence of threonine in the outward H'-pumping
rhodopsin motifs, it is not enough to achieve higher H pumping activity as canonical H* pumps.

Based on the orangish color of the expressed proteins (Figure 2), which is an indicative of the blue—green absorbing
property, one can hypothesize an optimal outward H" pump activity. Hoverer, this did not happen like that and no or
extremely small outward H” pump activity was observed (Figure 2A). To find a reason, HA bleach method was employed
to quantify the absorption properties of DSE rhodopsins (Figure 3). DSE428 and DSE009 rhodopsins displayed Amax
values above 540 nm, while DSE307 presented the most blueshifted A%nax value at 514 nm compared with the other two
DSE rhodopsins. The color tuning mechanism has been extensively studied in microbial rhodopsins, and several mutation
studies have experimentally revealed key residues [40,41]. One of the color determinant residues is Ala215 in BR
(Supplemenatry Figure S1), and the introduction of a polar amino acid residue such a serine or threonine causes a spectral
blueshift about 20 nm. Unlike the other two DSE rhodopsins which possess alanine, DSE307 possesses a serine at this
position nearby the lysine linked to the all-frans-retinal chromophore (Supplementary Figure S1). Therefore, threonine at
this position must contribute to the blueshifted absorption of DSE307 (Figure 3A). The same behavior was also observed
in the mutated DTE rhodopsins (Figure 3B). This is fully consistent with the idea that the polarity at the position is the
color determinant even in DSE rhodopsins and it is diversified according to each environment.

DSE009 was chosen as the representative protein of DSE rhodopsins to study the molecular properties of DSE
rhodopsins because it was the only one which displayed a considerable H" pump activity. Purified DSE009 rhodopsin
absorbs maximally at 536 nm (Figure 4A). In a flash photolysis study of DSE009, the formation of the K, L and M
intermediates was observed (Figure 5), which is also common among microbial rhodopsins. The turnover rate of the
photocycle reaction of the purified proteins was extremely slow compared to typical H" pumping rhodopsins, suggesting
these new rhodopsins would work as photosensors or H" pumps whose activities are enhanced by an unknown regulatory
system in the hosts.

Our results suggest that diverse terrestrial lichens harbor microbiomes that include Actinobacteria encoding light-
sensitive proteins (Figure 6). This finding is potentially consistent with the placement of lichen aggregates on the exterior
of rocks and trees, where they experience transient or sustained sunlight during the day.

Conclusion

A new microbial rhodopsin group with a novel DSE motif was found in the members of the Actinobacteria. While a
series of H transfer similar to that of outward H" pumping rhodopsins, its turnover rate is very long resulting in either the
no or small outward H" pump function. The genomic analyses found a common genomic clusters around DSE rhodopsin
genes with putative serine/threonine protein kinases, putative agmatine deiminases, and putative para-nitrobenzyl
esterases. DSE rhodopsins could either be involved in the cellular events related to signaling and/or metabolic reactions
by these enzymes in a light dependent manner or function as an outward H* pump whose activity is regulated by an
unknown system in the genome.
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