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Actinorhodopsin (ActR) is a light-driven outward H* pump. Although the genes of ActRs are widely spread
among freshwater bacterioplankton, there are no prior data on their functional expression in native cell mem-
branes. Here, we demonstrate ActR phototrophy in the native actinobacterium. Genome analysis showed that
Candidatus Rhodoluna planktonica, a freshwater actinobacterium, encodes one microbial rhodopsin (RpActR) be-
longing to the ActR family. Reflecting the functional expression of RpActR, illumination induced the acidification
of the actinobacterial cell suspension and then elevated the ATP content inside the cells. The photochemistry of
RpACctR was also examined using heterologously expressed RpActR in Escherichia coli membranes. The purified
RpACctR showed \,.x at 534 nm and underwent a photocycle characterized by the very fast formation of M inter-
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Phototrophy mediate. The subsequent intermediate, named Pg0, could be assigned to the O intermediate in other H pumps.
Photocycle In contrast to conventional O, the accumulation of Pg,o remains prominent, even at high pH. Flash-induced absor-
Flash photolysis bance changes suggested that there exists only one kind of photocycle at any pH. However, above pH 7, RpActR

Microbial rhodopsin shows heterogeneity in the H™ transfer sequences: one first captures H and then releases it during the forma-

tion and decay of Pg;o, while the other first releases H* prior to H* uptake during Pe,o formation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Microbial rhodopsins are ubiquitous membrane proteins in unicellu-
lar microorganisms [1,2]. They commonly consist of seven transmem-
brane helices surrounding a chromophore retinal, which binds to a
conserved lysine residue in the last helix via a protonated Schiff base
(PSB; the deprotonated Schiff base is abbreviated as SB). Upon illumina-
tion, the retinal undergoes isomerization from an all-trans to a 13-cis
configuration. This change elevates the protein to the excited state,
which is thermally relaxed to the original state via various photochem-
ical intermediates. During this cyclic reaction, called the photocycle,

Abbreviations: ActR, actinorhodopsin; RpActR, ActR from Candidatus Rhodoluna
planktonica; PSB, protonated Schiff base; SB, deprotonated Schiff base; BR,
bacteriorhodopsin; PR, proteorhodopsin; XR, xanthorhodopsin; GR, Gloeobacter
rhodopsin; CCCP, carbonyl cyanide m-chlorophenylhydrazone; DDM, n-dodecyl 3-D-
maltopyranoside; PC, phosphatidylcholine; ITO, indium tin oxide; ORF, open reading
frame; ESR, Exiguobacterium sibiricum rhodopsin; PRG, H" -releasing group; EC, extracellu-
lar; CP, cytoplasmic.
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microbial rhodopsin performs various roles, including light-driven ion
pumps, ion channels, and photosensory transductions. In 1971, the first
microbial rhodopsin was discovered in an extremely halophilic archaeon,
Halobacterium salinarum, and named bacteriorhodopsin (BR) [3]. Subse-
quently, it was proven that BR acts as an outward H™ pump and can
drive cellular ATP synthesis by creating an H*-electrochemical gradient
across the cell membrane [4]. Later, three relatives with different func-
tions were discovered from the same archaeon: inward CI~ pump
halorhodopsin [5], phototaxis sensors sensory rhodopsin I [6], and senso-
ry rhodopsin II (also called phoborhodopsin) [7]. For approximately
30 years, research on microbial rhodopsins was confined to these four ar-
chaeal rhodopsins [8]. Since 1999, however, the genes for other microbial
rhodopsins have been identified in various microorganisms, including
eubacteria, fungi, algae, and even viruses. Some new members have the
same functions as the archaeal rhodopsins, whereas others perform
novel roles, acting as outward Na* pumps [9,10], cation and anion chan-
nels [11-14], and sensors for the regulation of gene expression [15]. Thus,
microbial rhodopsins are now identified as a large and diverse family.
H* pumps define the largest functional class in the microbial
rhodopsins and are widespread in various microorganisms inhabiting
a broad range of environments. For aqueous environments, their abun-
dances have been clarified through metagenomic analyses. For marine
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environments, the gene encoding the H* pump was first identified in
2000 in a DNA fragment from an uncultivated y-proteobacterium
(the SAR86 group), which is one of the most abundant marine
bacterioplankton [16]. This H" pump was named proteorhodopsin
(PR). The expression of photoactive PR was verified in native plank-
tonic membrane preparations [17]. Later, PR genes were identified in
other oceanic microbial groups, and it was established that PR-
encoding microorganisms are common in the world oceans (for re-
views, see [8,18]). The cellular expression of PR and its H"-pumping ac-
tivity were also proven in cultivated host strains. In some strains, light-
activated PR conferred observable benefits on the cells, such as growth
enhancement, fuel CO, fixation, and extended survival under starva-
tion. Functional PR is available from the heterologous Escherichia coli
system with exogenous retinal [16]. Thus, the photochemistry of PR
has been examined in detail (for reviews, see refs [2,19,20]).

For non-marine aqueous environments, metagenomic analysis re-
vealed that a PR-related but phylogenetically distinct gene group is
present in high abundance [21]. This predicted H-pump group was
named actinorhodopsin (ActR) because these genes are exclusively as-
sociated with actinobacteria, which are common inhabitants of fresh-
water environments [22]. Later, ActR genes were indeed found in
cultivated freshwater actinobacteria [23] and further identified in
other freshwater bacterioplankton [24]. Thus, it is now established
that ActR genes are widespread in freshwater environments. In contrast
to PR, ActR genes are almost completely absent in marine environments
[21].

Despite its broad distribution, ActR has been less well character-
ized in both its physiological and photochemical aspects. Its broad
distribution implies its significant contribution to the solar energy
utilization in the environment. However, a previous study was not
able to demonstrate the fully functional expression of ActR in the na-
tive cells. In actinobacterium Rhodoluna lacicola strain MWH-Ta8,
the ActR opsin was constitutively expressed but did not contain the
retinal [25]. This immature ActR required exogenous retinal to per-
form the H"-pumping function. This result was consistent with the
fact that R. lacicola lacks the gene encoding the homolog of (3-
carotene cleavage enzyme (PB-carotene 15,15’-monooxygenase),
which is necessary for the final step of the known retinal biosynthe-
sis process.

In this study, we examined ActR from the freshwater actinobacterium
Candidatus Rhodoluna planktonica strain MWH-Dar1. Hereafter, this ActR
is designated RpActR. The genome analysis showed that this strain en-
codes the genes for retinal biosynthesis enzymes, including a putative
[>-carotene cleavage enzyme, and lacks microbial rhodopsin genes other
than RpActR. Without the exogenous retinal, RpActR performed outward
H*-pumping activity in the native cell membrane and thus drove ATP
production. Thus, this study includes the first observation of ActR
phototrophy in native actinobacterial cells. RpActR was also photochem-
ically characterized after heterologous expression in E. coli cells. The
purified RpActR had a N2 of 534 nm and underwent a photocycle char-
acterized by the very fast formation of M intermediate and prominent
accumulation of O-like intermediate (named Pg0) even at high pH. To-
gether with the observed H* -transfer reactions, the photocycle of RpActR
will be discussed.

2. Materials and methods
2.1. Cultivation and DNA sequence analysis of the actinobacterium

The actinobacterium was grown in 3 g/L NSY medium at pH 7.2 [26].
The culture of strain MWH-Dar1 contained initially a small fraction of
non-actinobacterial contamination (<1%) [27]. In order to establish a
pure culture, the following purification procedure was performed.
First, 5 mL of NSY medium was inoculated with the cells from the agar
slant and gently shaken at 28 °C until the stationary phase. After dilu-
tion, the cells were plated on NSY agar plate and grown at 28 °C for

approximately 4 days. A single colony on the plate was used to inoculate
the next 5 mL medium. This purification cycle was performed in tripli-
cate. The new liquid culture started from a single colony on the third
plate was mixed with glycerol (15% v/v) and stored at — 80 °C. Careful
tests in three labs confirmed the purity of the culture. The strain was de-
posited at the German Collection of Microorganisms and Cell Cultures
(DSMZ), Braunschweig, Germany, under the number DSM 103376.
The established glycerol stock was used as the seed culture for the fol-
lowing experiments.

For genomic DNA extraction, the cells were grown in 5 mL medium
until the stationary phase. The cells were harvested by centrifugation
and pretreated with lysozyme to lyse the cell walls. Then, the genomic
DNA was extracted using a QIAGEN DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany) and used for the sequence analysis. The genomic DNA
library was constructed using the tagmentation method (Nextera XT,
[llumina, San Diego, CA, USA). The obtained library with an average in-
sert size of approximately 1 kbp was selected using AMPure XP beads
and sequenced using a MiSeq v3 600PE kit (Illumina). Approximately
5.58 million reads were obtained and assembled using the SPAdes 3.1
software. A single contig of 1.42 Mbp was obtained, and the genome se-
quence of the strain could be closed. The encoded genes were annotated
using the RAST server [28]. The RpActR gene and the complete genome
sequence were deposited at DDBJ/EMBL/GenBank under accession
numbers LC144836 and CP015208, respectively.

2.2. Proton-pumping activity and ATP content in actinobacteria

Ca. R. planktonica were grown with or without 1 mM nicotine. The
cells in glycerol stock were transferred to a tube containing 3 mL liquid
medium and shaken at 25 °C for 3 days, then transferred to a 300-mL
flask containing 40 mL medium. After 3 days, the culture reached the
late exponential phase. The cells were then harvested at 3600 x g for
5 min at 4 °C and washed twice in basal solution (0.3 g/L NaCl, 0.1 g/L
MgSO,) containing no buffering agent. The cells were suspended again
in the basal solution and used for the following measurements.

The H*-pump activity of RpActR was measured at 25 °C using a con-
ventional pH electrode method that detects the light-induced acidifica-
tion of the cell suspension due to the H"-pump activity itself. The cell
suspension was diluted with basal solution at an Aggg of 0.5. The pH of
this suspension was about 6.5-7.0. For the activation of RpActR, the
cell suspension was irradiated with green LED light at 530 £ 17.5 nm
(LXHL-LMS5C, Philips Lumileds Lighting Co., San Jose, CA, USA). The H*
transport was examined in the absence and presence of 10 uM carbonyl
cyanide m-chlorophenylhydrazone (CCCP). The resulting pH changes
were converted to the molar amount of transported H* by adding
known amounts of HCI after each measurement.

To assay the ATP content, the cell suspension was gently shaken
overnight at 25 °C. Then, the cells were washed twice and finally
suspended at an Aggp of 0.1 in 10 mM Tris-AcOH, pH 7.8. This cell sus-
pension was kept in the dark until the ATP assay. The ATP inside the
cell was extracted using the Kinsiro ATP extraction reagent kit (LL-
100-2; Toyo Ink, Tokyo, Japan), and the ATP level was determined
using the Kinsiro ATP luminescence kit (LL-100-1; Toyo Ink) according
to the manufacturer's instructions. Briefly, 5 L of the cell suspension
was mixed with the same volume of ATP extraction reagent and incu-
bated for 20 s. To examine the effect of RpActR activity, the cell suspen-
sion was irradiated for 5 min with green LED light immediately prior to
the ATP extraction. After the incubation, the resultant cell lysate was
mixed with 100 pL of luciferin/luciferase reaction reagent. Immediately
after mixing, the luminescence intensity at 560 nm was integrated for
20 s using a Model AB-2200 luminometer (ATTO, Tokyo, Japan). All pro-
cedures except LED irradiation were performed under dim conditions.
The integrated luminescence value was converted to the ATP concentra-
tion using a standard line, which was constructed from the independent
experiments. The total protein concentrations of the original cell



1902 S. Nakamura et al. / Biochimica et Biophysica Acta 1857 (2016) 1900-1908

suspensions were quantified using a protein assay kit (PQ02; Dojindo
Lab., Kumamoto, Japan).

2.3. Expression, purification and lipid reconstitution of RpActR

Escherichia coli strain DH5a was used for DNA manipulation. To isolate
the RpActR gene, PCR was employed on Ca. R. planktonica genomic DNA.
The sense and antisense primers were 5’'-actattgcatatgaattctctttcgtccatc-
3’ and 5’-taatctcgaggtcgeggaactcgttcttag-3’, respectively, in which the
underlines denote the added restriction enzyme sites for Ndel and Xhol.
The PCR product was then cut using these restriction enzymes, and the re-
sultant DNA fragments were ligated to the Ndel/Xhol site of the pET-21c
(+) vector (Merck). This plasmid results in RpActR having additional
amino acids in the C-terminus (-LEHHHHHH). The E103Q mutation was
introduced using the QuikChange site-directed mutagenesis kit (Strata-
gene, LaJolla, CA, USA). The DNA sequences were confirmed by a standard
procedure using an automated DNA sequencer (model 3100, Applied
Biosystems, Foster City, CA, USA).

E. coli strain BL21(DE3) was used for the expression and purification
of RpActR. The procedures were essentially the same as the ones previ-
ously described [29]. Briefly, the cells were grown in 2 x YT medium at
37 °C, and expression was induced by the addition of 1 mM isopropyl-p-
D-thiogalactopyranoside in the presence of 10 uM all-trans retinal. After
4 h of induction, the cells were harvested and broken with a French
press. The collected cell membrane fraction was solubilized with 1.5%
n-dodecyl 3-p-maltopyranoside (DDM) (Dojindo Lab., Kumamoto,
Japan), and the solubilized RpActR was purified using Ni-NTA agarose
(Qiagen, Hilden, Germany). The yield of RpActR was approximately
3.5 mg from 1 L culture. The concentration of RpActR was determined
from the absorbance at 534 nm with an assumed extinction coefficient
0f 40,000 M~ cm™ . The purified samples were replaced with an ap-
propriate buffer solution by passage over Sephadex G-25 in a PD-10 col-
umn (Amersham Bioscience, Uppsala, Sweden).

For reconstitution into the lipid, phosphatidylcholine (PC) from egg
yolk (Avanti, Alabaster, AL, USA) was added at a RpActR:PC molar ratio
of 1:30. The detergent was removed by gentle stirring overnight (4 °C)
in the presence of SM2 Adsorbent Bio-Beads (Bio-Rad, Hercules, CA,
USA). After filtration, the reconstituted RpActR was collected by
centrifugation.

2.4. HPLC analysis

The retinal compositions of RpActR in the dark/light adapted states
were analyzed. RpActR was suspended in 10 mM MOPS, pH 7, contain-
ing 100 mM NaCl and 0.1% DDM. For dark adaptation, RpActR was kept
in the dark for 24 h at room temperature. For light adaptation, the dark-
adapted RpActR was irradiated for 5 min with green LED light. The ret-
inal oxime extraction and the subsequent HPLC analysis were per-
formed as previously described [30].

2.5. Absorption spectra measurements and flash photolysis

The UV-visible spectra of RpActR were measured using a UV-1800
spectrometer (Shimadzu, Kyoto, Japan). Solubilized RpActR with 0.1%
DDM was suspended in the 6-mix buffer (citric acid/MES/MOPS/
HEPES/CAPS/CHES, 1 mM each) containing 100 mM Nacl.

To observe the formation and decay of photo-intermediates, flash-
induced absorbance changes were measured. The apparatus equipped
with a Q-switched Nd-YAG laser (532 nm, 7 ns) was described previ-
ously [31]. At the selected wavelength, 30 laser pulses were used to im-
prove the S/N ratio. The data set, measured from 320 nm to 700 nm with
a 10 nm interval, was analyzed based on an irreversible sequential
model [32]. The details of the procedure were described previously
[33,34]. Briefly, this analysis assumes that the photocycle is represented
by the irreversible sequential conversion of the kinetically defined inter-
mediates, such as Py - P; —» P2 — .... P, — Po, where Pg represents the

original unphotolyzed state. The number of exponents in the fitting
equation, given as n, was determined from the reductions in the stan-
dard deviation of the weighted residuals. The data weight was deter-
mined independently for each wavelength by estimating the average
error from the baseline part before flash irradiation (—44 to 0 ms).
Using the results from this fit, the time constant (T;) and the absorption
differences between P; and Py (Ag;) were calculated. The Py spectrum
was obtained independently by subtracting the background scattering
(A + B/A* \ in nanometers) from the measured spectrum of the
unphotolyzed state. Finally, the absolute spectra of the P; states were
obtained by adding the spectrum of Py to the absorption differences
(Ag;). All flash photolysis experiments were performed for the PC-
reconstituted RpActR. For the calculation of the Py spectrum, we used
the spectrum measured in the DDM-solubilized state because the spec-
trum in the PC-reconstituted state included strong scattering artifact.
The samples contained approximately 6 pM RpActR and were
suspended in the 6-mix buffer containing 100 mM NaCl. All measure-
ments were performed at 25 °C.

2.6. Measurements of flash-induced proton transfers

The flash-induced H* transfer was measured using an indium tin
oxide (ITO) transparent electrode, which has been shown to act as a
time-resolved pH sensor [35-37]. In this experiment, the PC-
reconstituted RpActR was used. To eliminate the salt and buffering
agents, the reconstituted sample was washed several times and diluted
with distilled water to contain approximately 9 uM RpActR. A 100 pL
droplet of this suspension was applied to the surface of the ITO elec-
trodes (Techno Print Co., Saitama, Japan), followed by the evaporation
of water under reduced pressure to produce a dried film approximately
10 mm in diameter. Weakly bound proteins were removed by rinsing
with distilled water, and then this electrode was placed into the electro-
chemical cell, in which a buffer solution was sandwiched with two ITO
electrodes: one is the ITO adsorbing the protein and the other is bare
ITO for the reference electrode. The buffer solution contained 6-mix
buffer plus 100 mM NacCl, and the pH was adjusted at desired value.
The sample was activated by a 7 ns laser pulse (532 nm, 0.6 m]J/pulse)
from a Q-switched Nd:YAG laser (Minilite I, Continuum, San Jose, CA,
USA). The electric potential difference between two ITO electrodes
was recorded after amplification by a homemade amplifier (response
time ~ 10 ps), which was equipped with a 0.033 Hz low cut filter to elim-
inate the baseline drift. To improve the S/N ratio, 30 laser pulses were
used. The proteins adsorbed on ITO have random orientation [35].
Thus, the electrogeneity of the protein does not contribute to the poten-
tial difference, which purely reflects the local pH change due to the H"
transfer reactions of the photolyzed proteins. The details of the appara-
tus were described elsewhere [35,36]. All measurements were per-
formed at room temperature, ~25 °C.

3. Results and discussion
3.1. Genomic DNA sequence analysis

Ca. R. planktonica strain MWH-Dar1 is a red-pigmented
actinobacterium isolated from a eutrophic pond in Tanzania [27]. In
the previous study using degenerate polymerase chain reaction
[23], ActR genes were identified in this strain (accession ID:
FJ545219) and in the phylogenetically close strain MWH-Ta8 of
R. lacicola described above (accession ID: FJ545221). Both strains be-
long to the actinobacterial Microbacteriaceae family and commonly
have small cell sizes with diameters <0.5 pm and lengths <1.2 um
[27]. The strain MWH-Dar1 was present in a mixed culture with a
small proportion (<1%) of a non-actinobacterial strain [27]. In this
study, we initially repeated further purification cycles as described
in the Materials and Methods section and established the pure cul-
ture. Then, the genomic DNA was isolated and sequenced, and
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sequence analyses were performed. The genome size was 1.42 Mbp
and the genome annotation revealed only 1366 putative open read-
ing frames (ORFs). Thus, the genome of strain MWH-Dar1 is compa-
rable in size and gene number to the genome of R. lacicola MWH-Ta8
(1.43 Mbp and 1408 ORFs) [38]. The 16S rRNA encoding gene found
in the MWH-Dar1 genome was identical to the one determined pre-
viously (accession ID: AJ565415) [27]. MWH-Dar1 encodes only one
microbial rhodopsin gene, corresponding to RpActR (accession ID:
LC144836). Its 15th amino acid is Leu in the present genome
sequencing but was replaced by His in the previous analysis using
degenerate polymerase chain reaction [23]. As described above,
R. lacicola lacks the gene encoding the 3-carotene cleavage enzyme.
On the other hand, a putative homolog of this enzyme is encoded
in Ca. R. planktonica, together with other enzymes for retinal biosyn-
thesis. These enzymes are listed in Table S1.

3.2. Structure of RpActR gene

Phylogenetically, ActRs belong to the xanthorhodopsin (XR)-like
family of H™ pumps [21], which is distinct from the PR-like family and
characterized by a hypothesized binding pocket to accommodate the
antenna carotenoids. This pocket is well studied in the H"-pump XR
from the cultivated eubacterium Salinibacter ruber [39,40] and its
close relative Gloeobacter rhodopsin (GR) from the cyanobacterium
Gloeobacter violaceus [41]. In contrast to ActRs, these host strains were
isolated from a salt pond and calcareous rocks, respectively. XR and
GR fall into subgroup I of the XR-like family [42]. ActRs are also catego-
rized in subgroup I, but they form a noteworthy cluster by themselves
[42].

RpACtR shares high amino acid identity, 81%, with ActR of R. lacicola
and moderately high values of 40% and 42% with XR and GR, respective-
ly. Meanwhile, the identity with PR (21%), BR (19%) and a H* pump
from eubacterium Exiguobacterium sibiricum (ESR) (29%) is relatively
low. The sequence alignment of RpActR with BR, PR and XR is shown
in Fig. S1. RpActR fully conserves essential amino acid residues for H*-
pumping function. During the photocycle, H" is sequentially trans-
ferred to higher-pKa residues, accompanied by pKa changes. This step-
wise reaction is well studied in BR [43,44] and largely conserved in
other H pumps [2,19,20,45]. The first H" transfer reaction occurs dur-
ing M intermediate formation, in which the H* of PSB is transferred to
the superconserved Asp residue. This Asp is called the “H™ acceptor”
and corresponds to Asp85 in BR and Asp92 in RpActR. For BR, M
intermediate formation also involves H* release to the extracellular
(EC) medium. This H* is provided by the H"-releasing group (PRG)
consisting of Arg82, Glu194, Glu204, and water molecules located in
the EC half channel. Arg82 is superconserved in H" pumps, while
Glu194 and Glu204 are not fully conserved. This case also holds in
RpActR, where Arg89 is conserved, but two Glu residues are replaced
by Asn207 and Arg219 in RpActR, respectively. During the subsequent
M to N intermediate transition, the deprotonated SB accepts H™ from
the “H™ donor” residue, which corresponds to Asp96 in BR and is con-
served as Glu in most H pumps. Exceptionally, this residue is replaced
by Lys in ESR [46]. For RpActR, the donor corresponds to Glu103. The last
intermediate of the BR photocycle is O, which forms from N in associa-
tion with two events: the H" uptake from the cytoplasmic (CP) medium
by the donor residue and the reisomerization of retinal into its initial all-
trans configuration. Then, O returns to its original state, which involves
the deprotonation of the acceptor residue. In the case of BR, this H
moves to the deprotonated PRG.

The XR-like family conserves the hypothesized binding pocket for
the antenna carotenoid as described above. Based on the crystal struc-
ture of XR, 16 residues are identified as forming this pocket [40,41].
The binding of the antenna carotenoid was also proven for GR, which
conserves 11 residues [41]. Thus, not all residues identified in XR are
essential for this binding. In RpActR, 10 residues are conserved
(Fig. S1). Thus, RpActR probably conserves this binding ability. Similarly

to R. lacicola [25], however, the host strain MWH-Dar1 lacks carotenoid
ketolases, indicating that this strain does not contain keto-carotenoids,
such as salinixanthin for XR and echinenone for GR.

3.3. Proton-pumping activity in native host cell

The functional expression of RpActR was examined through the
light-induced pH change in the cell suspensions of MWH-Dar1, which
was grown in the absence of exogenous retinal. As shown in Fig. 1, the
cell suspensions showed distinct acidification upon light irradiation
(trace a). This pH change was completely abolished by the addition of
the protonophore CCCP (trace b), which eliminates the electrochemical
gradient of HT across the cell membrane. Thus, the acidification was
caused by active H transport. This pH change also disappeared when
the cells were grown in the presence of nicotine (trace c), which is
known to inhibit the retinal biosynthesis pathway [47]. Thus, in the ab-
sence of nicotine, RpActR is functionally expressed in the retinal-bound
form and causes the light-induced pH change. This functional expres-
sion was also confirmed based on ATP production. Fig. 2 shows the
ATP level in MWH-Dar1, which was energy starved in the dark prior
to the ATP assay. The cells before illumination contained approximately
1.5 nmol ATP per mg protein. This ATP level increased approximately
threefold after 5 min illumination. Upon the addition of CCCP, this in-
crease disappeared. For nicotine-grown cells, the illumination-induced
increase did not occur even in the absence of CCCP. Thus, the function-
ally expressed RpActR creates the electrochemical gradient of H' across
the cell membrane, which in turn drives ATP production. As described
above, the actinobacterium R. lacicola also expressed ActR, but it did
not exhibit light-induced activity due to the lack of retinal binding
[25]. Thus, MWH-Dar1 is the first actinobacterium confirmed to per-
form ActR phototrophy. Meanwhile, we could not observe any apparent
effect of illumination on the cell growth and the magnitudes of light-
induced pH changes. Thus, further study is necessary to clarify the con-
ditions inducing ActR expression and the cellular benefits derived from
ActR phototrophy.

3.4. Spectroscopic characterization of the unphotolyzed state

Next, we cloned the RpActR gene and heterologously expressed it
in E. coli cells in the presence of exogenous retinal. Reflecting the
functional expression, the cells were colored pink, and their suspen-
sion showed light-induced acidification (data not shown). Using Ni-
chelate chromatography, RpActR was purified and then used for
functional characterization.

The purified RpActR shows an absorption maximum at 534 nm
(Fig. 3A). In most microbial rhodopsins, the band near 280 nm has
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Fig. 1. Light-induced pH changes to the suspension of Ca. R. planktonica. The broken
vertical lines indicate the beginning and end of green light illumination. The cells were
suspended in unbuffered basal solution (0.3 g/L NaCl, 0.1 g/L MgS0,). Traces a and b
were obtained sequentially. After the measurement of trace a, 10 M CCCP was added to
the medium, and trace b was obtained. Trace c is the result for nicotine-grown cells in
the absence of CCCP.
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Fig. 2. The cellular ATP contents of Ca. R. planktonica. Energy-starved cells were suspended
in 10 mM Tris-AcOH (pH 7.8) with and without 10 uM CCCP, then kept in the dark at room
temperature. The cellular ATP contents were assayed without illumination (Dark) or after
5 min illumination (Light). The two bars labeled “Nicotine” are the results for the nicotine-
grown cells. Each bar represents the mean 4 SD (n = 5).

approximately 1.5-fold larger absorption than the retinal band in the
visible region. In RpActR, however, these two bands have almost the
same absorptions. This finding probably reflects lower Trp and/or Tyr
content compared to other microbial rhodopsins. The Trp and Tyr con-
tents are 3 and 12 for RpActR, 10 and 14 for PR, 5 and 15 for XR, and 8
and 11 for BR, respectively. The estimated molar extinction coefficients
at 280 nm are 34,400 M~ ! cm™ ! for RpActR, 75,900 M~ ! cm™! for PR,
49,900 M~ ' cm~! for XR, and 60,400 M~ ' cm~" for BR, respectively.
These were calculated by using the extinction coefficients of
5500 M~ ! cm ™! for Trp and 1490 M~ ! cm™! for Tyr, respectively.
Those explain the almost the same absorption between 280 nm and
534 nm.
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Fig. 3. Absorption spectrum and retinal isomer composition of RpActR. (A) Absorption
spectrum of purified RpActR suspended in 50 mM Tris-HCl, pH 7.0, containing 300 mM
NaCl and 0.1% DDM. (B) HPLC chromatographs of the retinal isomers extracted from
RpACtR, initially suspended in 10 mM MOPS, pH 7, containing 100 mM NaCl and 0.1%
DDM. Ts, 13s, 13a and Ta denote retinal with all-trans/15-syn, 13-cis/15-syn, 13-cis/15-
anti and all-trans/15-anti configurations, respectively. The chromatographic patterns
were almost the same between light-adapted (solid line) and dark-adapted (broken
line) RpActRs. The molar ratios of the retinal isomers were calculated from the peak areas.

The retinal isomer composition of RpActR was examined by HPLC
analysis (Fig. 3B). For all ion pumps, only the photoisomerization from
all-trans to 13-cis triggers the indispensable conformational changes
for their respective ion translocations. However, only the archaeal ion
pumps BR and HR also accommodate 13-cis retinal in their dark states,
depending on light/dark adaptations [2]. In the light-adapted states
after continuous illumination, they predominantly contain all-trans ret-
inal. In the dark-adapted states after being kept in the dark, in contrast,
the 13-cis contents increase by approximately 50%. As shown in Fig. 3B,
RpActR contains predominantly all-trans retinal (~90%) under both
conditions, for light and dark adaptations. Thus, compared to BR and
HR, RpActR and other ion pumps probably accommodate retinal in rel-
atively tight pockets that do not promote the 13-cis conformation.

Upon acidification, the H*-acceptor residue is protonated, which is
detectable by the spectral redshift for all H" pumps. Fig. 4A shows this
spectral shift of RpActR. Upon protonation of the acceptor, RpActR
showed a 34 nm redshift. In Fig. 4B, the absorbance change at 597 nm
was plotted against pH. From this plot, the pKa of the acceptor
(Asp92) was determined to be 5.8. This value is rather different from
2.6 for BR [43,44] but is similar to the members of the XR-like family:
6 for XR [48] and 4.5 for GR [49], respectively. Thus, RpActR appears to
conserve the electrostatic interactions around the acceptor residue,
which is characteristic of the XR-like H* pumps. However, RpActR
showed different features from XR and GR in the influence of mutation
on the donor residue. For GR, the acceptor pKa increases by at least 2 pH
units up the mutation of E132Q (donor replacement by neutral residue)
[49]. For BR and PR, the corresponding mutations (D96N for BR, E108Q
for PR) have essentially no effects on their pKa values, probably due to
the hydrophobic barriers surrounding the donor residues. Thus, com-
pared to BR and PR, the donor of GR has unusually strong coupling
with the acceptor regions. This coupling was also predicted for XR
from its crystal structure [40], where the carboxyl of the donor Glu107
connects to the peptide carbonyl of Lys240, a residue binding the retinal,
through a hydrogen-bonding network. To examine this coupling for
RpActR, we made the donor mutant E103Q. The results are also plotted
in Fig. 4B. This mutant showed almost the same pH dependence as the
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Fig. 4. Spectroscopic pH titrations to determine the pKa of Asp92. The spectral changes
(A) and the relative amplitude changes at 597 nm (B). RpActR was suspended in 6-mix
buffer containing 100 mM NaCl and 0.1% DDM. In (B), the results for the mutant E103Q
are also shown. The pKa values were determined by fitting analyses using the
Henderson-Hasselbalch equation.
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wild-type RpActR. Consistently, the pKa determined of 5.6 for E103Q is
very close to 5.8 for the wild-type RpActR. Thus, unlike XR and GR,
RpActR shows only weak coupling between the donor and the acceptor,
at least in the dark state.

3.5. Flash-induced absorbance changes

Next, we also examined the photoreaction of RpActR. The four large
panels in Fig. 5 show the flash-induced absorbance changes measured at
pH 6-9. As shown here, near physiological pH (pH 7), RpActR undergoes
a relatively fast photocycle, which completes in approximately 100 ms.
A fast photocycle is a common characteristic of ion-pumping rhodop-
sins. They transport one ion during a single photocycle. Thus, a faster
photocycle can create a larger electrochemical potential gradient of
the transported ion. The photocycle of RpActR is mainly characterized
by the M intermediate at approximately 400 nm and subsequently
forming intermediate at approximately 620 nm. In addition to these
two wavelengths, the time-trace at 540 nm was plotted in each panel.
This trace reflects the depletion and subsequent recovery of the original
unphotolyzed state.

At pH 4, RpActR undergoes the photocycle lacking M, where only
long-wavelength intermediate is observed. This is due to the proton-
ation of acceptor residue in the dark. Reflecting the pKa of the acceptor
residue (5.8), M becomes observable above pH 5. The yield of M in-
creases by further pH increase, and then becomes saturated around
pH 7. Interestingly, this M intermediate of RpActR has the fastest forma-
tion rate among the known microbial rhodopsins. Its formation was
completed prior to 10 ps and could not be followed by our apparatus.
The formation of M is associated with the fast H" transfer from the
PSB to the acceptor, as described above. In the dark state, the acceptor
has a lower pKa than PSB. Upon illumination, the pKa of the acceptor in-
creases and becomes larger than the pKa of PSB. This inversion enables
H* transfer from PSB to the acceptor during formation of M. For BR, the

M formation rate depends on the interaction between the acceptor
Asp85 and the neighboring Arg82 (corresponding to Arg89 of RpActR)
[43]. The replacement of Arg82 with neutral residues induces both the
acceleration of the M formation [50] and the elevation of the acceptor
pKa from 2.6 to 7.2-7.5 [50,51]. Thus, the elevated pKa is considered
to drive the fast HT transfer during M formation. For RpActR, the pKa
of the acceptor (5.8) is higher than the pKa of BR (2.6) but still lower
than the pKa of its Arg82 replacement mutants (7.2-7.5). For RpActR,
therefore, the fast M formation could not be explained entirely by the
pKa of the acceptor. The essential mechanism in RpActR should be clar-
ified in future investigations.

The intermediate at 620 nm also shows characteristic behavior in its
pH-dependent accumulation. Here, we tentatively name this intermedi-
ate Pgyo. Similar long-wavelength intermediates are also observed in all
other H* pumps. They correspond to O intermediates for BR, XR and GR
and to N intermediates for PR and ESR. Though the names are different,
they commonly form after the H" uptake at the CP side by the donor
residue. At high pH, the donor does not work well, and thus the forma-
tion of O (for BR, XR, and GR) and N (for PR and ESR) becomes substan-
tially slow. Thus, their accumulation tends to become small and finally
negligible as the pH increases. In contrast, for RpActR, the accumulation
of Pgyo does not become negligible and remains prominent even at
pH 10 (Figs. 5 and S2). This accumulation is probably caused by its
prolonged decay above pH 8. Pgyo shows two- or three-phase decay.
Above pH 8, the latter phase becomes prominent and slows down as
pH increases. The decay of the preceding M also slows down as pH in-
creases (Figs. 5 and S2). However, alkalization also retards the decay
of Pey0, and therefore the accumulation of Pgyg remains prominent.

To further examine the intermediates in the photocycle, we per-
formed global fitting analyses of the flash-induced absorbance changes.
All datasets measured at pH 6-9 were fitted adequately by a fitting
equation of a sum of five exponential terms. This result indicates the ex-
istence of five kinetically defined states, which were designated as P;-
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Fig. 5. The pH dependence of the RpActR photocycle. The photocycle was examined at four pH values (6-9) by flash-induced absorbance changes (large panels) and H* transfers measured
using a transparent ITO electrode (thin panels), in which the H release from RpActR is detected upon an upward shift of the electrode voltage, while the H* uptake is detected upon a
downward shift. Egg-PC reconstituted RpActR was used in both experiments. The medium was 100 mM NaCl buffered with 6-mix buffer. The temperature was approximately 25 °C.
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Ps. Using the fitting results, we calculated the spectra of the P; states ac-
cording to the sequential irreversible model. This model represents the
photocycle by sequential reactions of kinetically defined P; states, which
may contain a few physically defined intermediates such as K, L, M, N
and O [32]. The calculated spectra at pH 7 are shown in Fig. 6A, where
Py denotes the spectrum of the original RpActR. The P; state contains
the short-wavelength intermediate (Amax ~ 410 nm), which corre-
sponds to M. At approximately 500 nm, the P; spectrum has a small
shoulder that might correspond to the preceding L intermediate, as it
is very faint, reflecting the very fast formation of M. Upon the formation
of P,, the M content decreases slightly due to a small appearance of Pg,q
in the longer-wavelength region. This Pg¢ becomes dominant in the
subsequent P5 state. As described above, Pg,o shows multiphase decay,
which is due to the contribution of Pg,q to the P4 state: P4 has a broad
spectrum, probably reflecting the equilibrium between Pg, and anoth-
er intermediate whose spectrum is closely similar to the original state.
The latter intermediate becomes the main component in the last Ps
state. This intermediate might be a precursor of the original state and
could be assigned to RpActR’. Similar intermediates were also found in
PR [52] and algal H* pumps [53,54]. Fig. 6B summarizes the photocycle
of RpActR at pH 7 together with the decay time constants of the P; states.
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Fig. 6. Results of global fitting of the flash photolysis data. (A) Calculated absolute spectra
of P; states at pH 7 and 25 °C. Py denotes the original dark state of RpActR, whose spectrum
was calculated by removing the scattering from the spectrum measured with a UV-visible
spectrophotometer. (B) Proposed photocycle of RpActR at pH 7 and 25 °C. The decay time
constants of the P; states are also shown here. Each P; state contains physically defined
intermediates such as M, Pgo and RpActR’. The P, and P4 states contain the quasi-
equilibrium between M and Pg,o and between Pg,o and RpActR’, respectively, where the
signs “>" and “<” represent the differences in their contributions.

Essentially the same photocycle was observed between pH 6-9, al-
though the decay time constants become slower with increasing pH.
As described above and shown in Fig. 6B, the photocycle after 10 s is
characterized by only M, Pg0 and RpActR'.

3.6. Flash-induced proton transfers

Further insight into the photocycle was obtained from measure-
ments using a transparent ITO electrode, which functions as a good
time-resolved pH electrode [36,37]. The results are shown in the thin
panels in Fig. 5, where the H™ release and uptake are expressed as up-
ward and downward voltage changes, respectively. As shown here,
these H' transfer reactions are categorized into two patterns: one is ob-
served at pH 6 and the other observed above pH 7.

At pH 6, the H" uptake and subsequent release occur almost simul-
taneously with the formation and decay of Pgy. This behavior is the
same as for O of PRG-disabled mutants of BR and wild-type GR, which
also lacks the PRG, similarly to RpActR [49,55-57]. They do not release
H* during the formation of M. Instead, they first capture H" with the
donor residue during O formation. Subsequent O decay involves the de-
protonation of the acceptor residue. This H" is predicted to be released
to the EC medium. At pH 6, RpActR probably undergoes similar H™
transfer reactions: that is, the first H uptake by the donor residue dur-
ing the Pgy formation and the subsequent H* release from acceptor
residue during the Pgyo decay. Thus, Pgyo could be assigned to O, al-
though its retinal configuration is not yet confirmed. The first H uptake
is also observed in PR during N formation [55]. For PR, the formation of
N involves two H transfer reactions by the donor residue: the H' do-
nation to the SB and the H™ uptake from the CP medium. Thus, Peyg is
also similar to N of PR. However, for PR, the acceptor residue does not
deprotonate during N decay but instead during the decay of the subse-
quent PR’ intermediate [55].

Above pH 7, on the other hand, the H' transfer signal becomes com-
plicated: H* release occurs first despite the lack of PRG. Subsequently,
the signal decreases below the baseline due to the H* uptake. Finally,
the H* release occurs again, and the signal returns to the baseline. Un-
expected first H* release is also observed in PR, which also lacks PRG, at
alkaline pH [35,37]. However, the H release in RpActR appears not to
reflect the same reaction in PR. For PR, the first H" release is predicted
to occur toward the CP medium, implying no contribution to the out-
ward H* pumping activity [37]. For RpActR, the outward H*-pumping
activity reaches its maximum value at pH 7, a physiological pH (data
not shown). This finding was confirmed by the light-induced pH change
in the suspension of E. coli cells. Moreover, for PR, the first H' release is
associated with the formation of another M intermediate, which forms
in a branched photocycle appearing at alkaline pH [37]. This branch is
observable above pH 8.5. Then, above pH 10, the branched photocycle
becomes dominant, and the H* transfer reaction becomes simple: the
H™ release occurs first, and then the signal simply returns to the
baseline due to the subsequent H* uptake. In contrast, for RpActR,
photocycle branching does not seem to occur. As shown in Fig. 5, the
first H' release begins to occur when the pH increases from 6 to 7. How-
ever, the essential difference in the photocycle does not occur at this pH
increase. Similarly to the behavior at pH 6, the H" uptake above pH 7
occurs almost simultaneously with the formation of Pgyq despite the
preceding H™ release. This behavior implies that there exist two sub-
populations of RpActR, both of which pumps H* outward: one un-
dergoes the same H™ transfer reactions observed at pH 6, where H*
uptake occurs first upon Pg,o formation, followed by H™ release upon
Pe,o decay, while the other first releases H on the EC side and then cap-
tures another H* on the CP side during the formation of Pgy. Thus,
there might exist a heterogeneity in RpActR that is not detectable in
the photocycle kinetics but is detectable in the H transfer sequences.
Above pH 7, the first H release occurs before the decay of the M inter-
mediate. As described above, PRG-disabled mutants of BR show the first
H™ uptake. However, above pH 10, E194Q-containing mutants are
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reported to show the first HT release from the acceptor residue dur-
ing the M to N transition [58]. This behavior seems to resemble the
case in RpActR. However, the protonation state of the acceptor resi-
due is known to affect the absorption maximum. Despite the H"
transfer sequence, RpActR undergoes a photocycle including M and
Ps0, as described above. Thus, for both H™ transfer sequences, the
acceptor residue should remain in the protonated state until the
decay of Pgy0. The molecular origin of the heterogeneity and the res-
idue performing the first H* release should be clarified in future
investigations.

As described above, RpActR undergoes a photocycle consisting of M,
Pe20 and RpACctR’. Pgyq is probably assigned to O in GR and the PRG-
disabled mutants of BR. Thus, N is not detectable in the RpActR
photocycle. For BR, N accumulates when pH is higher than the pKa of
the donor for H* uptake (7.5). At this alkaline pH, M and N are in a
quasi-equilibrium state and thus decay together. This decay slows
down as pH increases due to the slower H* uptake by the donor residue.
For RpACctR, the M decay becomes slower as pH increases (Fig. S2),
which might reflect the delay in H" uptake by the donor residue. How-
ever, N is still not detectable in the alkaline pH, which might be caused
by a fast N to M back reaction. At high pH, the H* uptake by the donor
residue becomes the limiting process, and therefore M and N are in an
equilibrium state. However, this equilibrium might shift substantially
toward M due to the fast back reaction, which could cause negligible ac-
cumulation of N. On the other hand, the accumulation of Pgyg is still
prominent at high pH because the decay of Pgy9 becomes slower as pH
increases. Why does the decay of Ps,q depend on pH? For sensory rho-
dopsin II from Natronomonas pharaonis, the O decay rate has been
proven to depend on the pKa of the acceptor residue in a study in-
volving many mutants [59]. This finding revealed that higher pKa
results in slower O decay, which is rational because O decay is asso-
ciated with the deprotonation of the acceptor residue. For RpActR, a
certain residue might deprotonate above pH 8, which in turn ele-
vates the pKa of the acceptor residue. Alternatively, the deproton-
ation of the residue might retard a conformational change that is
indispensable for the deprotonation of the acceptor residue. The mo-
lecular factor determining Pg,o decay should be clarified in future
investigation.

4. Conclusions

In this study, we present the first observation of ActR phototrophy in
native actinobacterial cells. Without the help of exogenous retinal,
RpActR showed light-induced H pump activity and drove ATP produc-
tion in its natural host cells. This result confirms the predicted signifi-
cance of ActRs to the solar-energy inflow into freshwater ecosystems.
Using the purified RpActR, we found several interesting features in the
photocycle. M formation is extremely fast: It is competed before 10 ps
and could not be followed by our apparatus. Compared to other H*
pumps, there appears to be no specific difference in the residues sur-
rounding both the PSB and the H™ acceptor Asp92 (Fig. S1). Thus, the
fast H' transfer between them might be caused by their specific coordi-
nation in the photolyzed state. After M formation, Pg»o and RpActR’ ap-
pear sequentially. Pgyo could be assigned to O in BR and other H*
pumps. However, unlike conventional O, the decay of Pgyg shows pH-
dependent retardation. This decay is probably governed by the pro-
tonation state of a certain residue. At pH 6, RpActR first captures
H™* during Pg,o formation and then releases H™ during Pg, decay.
Above pH 7, approximately half of RpActR releases H™ prior to up-
take during Pgy formation. The natural host of RpActR inhabits a
pH-neutral freshwater pond. Thus, in the natural environment,
RpACctR probably shows heterogeneity in its H* transfer sequences.
Does this heterogeneity confer a survival advantage to the cells in
the freshwater environment? This question is an interesting topic
for future investigation.
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