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synthesis and phototaxis. Microbial rhodopsins that have been discovered to date are categorized
as type-1 rhodopsins. Interestingly, researchers have very recently unveiled a new microbial
rhodopsin family named heliorhodopsins that are phylogenetically distant from type-1 rhodopsins.
Among them, only heliorhodopsin-48C12 (HeR-48C12) from a gram-positive eubacterium has
been photochemically characterized [Pushkarev et al., 2018, Nature, 558, 595-599]. In this study,
we photochemically characterize a purple-colored heliorhodopsin from gram-negative
eubacterium Bellilinea caldifistulae (BcHeR) as a second example and we identified which
properties are or are not conserved between BcHeR and HeR-48C12. A series of photochemical
measurements revealed several conserved properties between them, including a visible absorption
spectrum with a maximum at around 550 nm, the lack of ion-transport activity, and the existence
of a second-order O-like intermediate during the photocycle that may activate an unidentified
biological function. In contrast, as a property that is not conserved, although HeR-48C12 shows
the light-adaptation state of retinal, BcHeR showed the same retinal configuration both in dark-
and in light-adapted conditions. These comparisons of photochemical properties between BcHeR
and HeR-48C12 are an important first step toward understanding the nature and functional role
of heliorhodopsins.
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INTRODUCTION

Many microorganisms are now well-known to absorb sunlight via microbial rhodopsins with a
retinal chromophore (vitamin A aldehyde), whose energy is harnessed for important biological
processes such as ATP synthesis and phototaxis.® Since the first recognition of bacteriorhodopsin
(BR) in Halobacterium salinarum in 1971,% the expedition towards further identification and
characterization of microbial rhodopsins has started. Indeed, a large variety of microbial
rhodopsins have been discovered and shown to exhibit various light-triggered functions, including
acting as ion-pumps,>® ion-channels,”® and light-sensors.®'? For instance, the light irradiation
induces ion-pump rhodopsins such as BR? and proteorhodopsin (PR) * to pump a proton against
its concentration gradient across cell membranes, while ion-channel rhodopsins open molecular
gates through which many cations or anions can pass across the membrane,”® resulting in large
photocurrents. Such an attractive characteristic of ion-channel rhodopsins has been extensively
exploited in optogenetics fields to depolarize or hyperpolarize cells in a controllable manner.*3

One approach to explore microbial rhodopsins is based on homology searches by
screening whole genomes from microorganisms* or metagenomes from environmental
samples.’® Phenotypic screenings with Escherichia coli (E. coli) cells expressing heterologously
putative rhodopsin genes have also been attempted in the presence of exogenous all-trans retinal.
One such study identified E. coli cells displaying an orange to red phenotype!® and another study
was based on light-induced pH changes of solutions containing E. coli cells.r” In those studies,
diverse marine microbial rhodopsins were successfully detected based on the color of E. coli cells
heterologously expressing the cloned DNA. Importantly, unlike homology searches, these
methods allow the discovery of rhodopsins that have not been identified so far and are genetically
distant from known microbial rhodopsins. Indeed, in 2018, based on the pigmentation of E. coli
cells, a fosmid library from a fresh water habitat was screened and a previously uncharacterized
rhodopsin family named heliorhodopsins was revealed.®® Such heliorhodopsins shape a
genetically distant group from the known microbial rhodopsins (type-1 rhodopsins) but they still
contain seven transmembrane helices and a lysine residue in the seventh helix that is conserved
in type-1 rhodopsins (Figure 1). Among them, only heliorhodopsin 48C12 (HeR-48C12) from a
gram-positive actinobacterium has been fully characterized?®.

Independently from the above study, we screened twenty-four previously unknown
rhodopsin-like proteins identified from the database (https://www.ncbi.nlm.nih.gov) and half of
them (twelve) were confirmed to be pigmented when expressed in E. coli cells. Later, it turned
out that they are phylogenetically classified into the heliorhodopsin family. In this study, we
photochemically characterized one such heliorhodopsin as a second example, a purple-colored
heliorhodopsin from gram-negative eubacterium Bellilinea caldifistulae (B¢cHeR), and we reveal
conserved photochemical properties between BcHeR and HeR-48C12. From a series of
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photochemical measurements, as conserved properties, we show that BcHeR presents an
absorption maximum of 550 nm, the lack of ion-transport activity, and a second-scale long O-like
intermediate in the photocycle. On the other hand, as a property that is not conserved, we show
that the retinal adaptation state is absent in BcHeR while HeR-48C128 has been reported to show

a light-adaptation state.
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Figure 1. B. caldifistulae heliorhodopsin (BcHeR). (a) Phylogenetic tree separating heliorhodopsins
and type-1 microbial rhodopsins into two distinct groups. The heliorhodopsin family is divided into an
orange clade of ‘gram-negative bacteria and archaea’, a green clade of ‘gram-positive bacteria’ and
purple and blue clades of ‘eukaryota and viruses’, respectively. As expected, BcHeR and HeR-48C12
were assigned into gram-negative bacteria and gram-positive bacteria clades, respectively. ACR, anion
channelrhodopsin; CCR, cation channelrhodopsin; BR, bacteriorhodopsin; SRI and SRII, sensory
rhodopsin | and Il; HR, halorhodopsin; XeR, xenorhodopsin; ActR, actinorhodopsin; CIR, chloride
pumping rhodopsin; XR, xanthorhodopsin; PR, proteorhodopsin; VR, viral rhodopsin. See Table S1 for
accession codes of all rhodopsins used in the analysis. (b) Predicted secondary structure of BcHeR.
Residues (double-)circled in blue or orange denote positively or negatively charged amino acids (inside
putative transmembrane helices), respectively. Filled gray circles denote amino acids shared by BcHeR
and HeR-48C12. Roman numbers (‘I to “VII”) indicate helix numbers.



MATERIALS AND METHODS

Gene construction of BcHeR.

The DNA fragment encoding BcHeR (accession code: KPL76735.1) present in B. caldifistulae
GOMI-1T" was chemically synthesized by Eurofins Genomics (Japan) with codon optimization for
E. coli cells. This gene fragment was inserted into the Ndel and Xhol restriction enzyme sites of
the pET21a vector (Novagen, USA); the plasmid also encoded a hexahistidine sequence at the C-
terminus of BcHeR.

Expression of BcHeR in E. coli membranes. The E. coli BL21(DE3) strain containing the
histidine-tagged BcHeR plasmid was incubated at 37 °C in standard LB medium (10 g/L tryptone,
5 g/L yeast extract and 10 g/L NaCl) in the presence of 50 pg/mL ampicillin until the absorbance
at 660 nm reached an optical density (OD) of around 1.3. Protein expression was then induced
for 4 h at 37 °C by adding isopropyl p-D-1-thiogalactopyranoside (IPTG) at a 1 mM final
concentration and all-trans retinal at a 10 uM final concentration as a chromophore. E. coli cells
expressing recombinant proteins were washed twice with a buffer (50 mM Tris-HCI at a pH of
7.0 and 300 mM NacCl) and harvested by centrifugation (5,530xg, 15 min, 4 °C).

Purification of BcHeR. The BcHeR expressing E. coli cells were suspended in buffer (50 mM
Tris-HCl at a pH of 7.0 and 300 mM NacCl) and were disrupted in ice-cold water with an ultrasonic
disruptor (UD-211, TOMY) in which the rate of oscillating time per sec was 50 % and the duration
was 20 min. The membrane fractions were collected by ultracentrifugation (178,200xg, 60 min,
4 °C) and were solubilized with 1.5 % (w/v) detergent n-dodecyl-p-D-maltoside (DDM, Chemical
Dojin) in the buffer. The solubilized proteins were again ultracentrifuged (178,200xg, 60 min,
4 °C) and the supernatant was applied to a Ni?* affinity column (HisTrap ™ FF, 5 ml, GE
Healthcare). The proteins loaded on the resin were purified with a linear gradient of imidazole
over a concentration range from 0 M to 1 M and the purified proteins were mostly collected in
the range from 140 mM to 240 mM imidazole. The purified proteins were concentrated and their
buffer was exchanged by centrifugation (5,530%g, 15 min, 4 °C) with an Amicon Ultra filter
(30000 Mw cut-off; Millipore). For all experiments except the ion transport and pH titration
measurements, the buffer used contained 50 mM Tris-HCI (pH = 7.0), 300 mM NaCl and 0.05 %
DDM.

Sample preparation of archaerhodopsin-3. Gene construction, expression in E. coli membranes,
and purification of archaerhodopsin-3 (AR3) were conducted as described previously.*® AR3 was
used as a control in the measurements of UV-Visible spectra, high-performance liquid
chromatography (HPLC), and ion-transport assay.

Phylogenetic tree. To visualize the phylogenetic position of BcHeR among heliorhodopsins and
type-1 rhodopsins, we constructed a phylogenetic tree including representative proteins from
heliorhodopsins and type-1 rhodopsins used in a previous work.'® Evolutionary analyses were
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conducted using the free MEGAG6 software;?° multiple amino acid sequences were aligned using
MUSCLE,? the evolutionary distances were estimated by using the JTT matrix-based method,?
and the Neighbor-Joining tree was constructed. The constructed phylogenetic tree was edited by
the free FigTree v1.4.3 software (http://tree.bio.ed.ac.uk/software/figtree/). Amino acid
sequences and accession numbers for all rhodopsins used in this analysis are summarized in Table
S1.

UV-Visible spectroscopy. UV-Visible absorption spectra were obtained using a spectrometer
(UV-1850, Shimadzu). For light-illuminated condition, the purified sample was illuminated with
10 mW/cm?, 550 nm light for 3 min before the measurement. The illuminated light was generated
from a Xenon lamp (MAX-303, Asahi Spectra) combined with a bandpass filter of 550 £ 10 nm.
For dark condition, the sample was stored for more than 2 days in the dark at 4 °C before the
measurement. The concentration of BcHeR protein at the time of measurement was adjusted to
be around 40 pM based on a molar absorbance coefficient € of reported rhodopsins with all-trans
retinal (¢ = 50000 (L/mol/cm)).

HPLC. Retinal configuration was determined using an HPLC system consisting of a solvent
delivery unit (LC-20AT, Shimadzu, Japan), a silica column (6.0x150 mm; YMC-Pack SIL,
YMC) and an UV/visible detector (SPD-20A, Shimadzu). The composition of the solvent was
12 % (v/v) ethyl acetate, 0.12 % (v/v) ethanol and 88 % (v/v) hexane (HPLC grade, Wako Pure
Chemical Industries, Japan). The BcHeR was denaturized by the addition of methanol to the
BcHeR solution to a concentration of 75 % (v/v) and following addition of 1 M hydroxylamine
to a concentration of 80 mM. The resulting retinal oximes were extracted by mixing with hexane. .
The concentration of BcHeR at the time of measurement was adjusted to 20 pM. Each peak of
measured HPLC patterns was assigned to each retinal isomer by comparison with the HPLC
patterns from authentic all-trans and 13-cis retinal oximes, as described previously.?* The
composition of retinal isomers was calculated by integrating the areas of the peaks monitored at
360 nm. For light-illuminated condition, the sample was irradiated with 10 mW/cm?, 550 nm light
for 3 min before the measurement. For dark condition, the sample was kept for more than 2 days
in the dark at 4 °C before the measurement.

lon transport measurements. The E. coli cells were washed three times with unbuffered 300 mM
NaCl solution and were then resuspended in the same solution. For ion transport activity assay,
the cell suspension was illuminated with 10 mW/cm?, 550 nm light. The light-induced pH changes
were measured with a pH electrode (9615S-10D, HORIBA, Japan). Measurements were repeated
under the same conditions with the addition of carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) at a 30 uM final concentration.

pH titration. The sample was suspended in a 6-mix buffer (0.89 mM citric acid, 0.89 mM MES,
1.1 mM TES, 0.78 mM TAPS, 1.1 mM CHES and 0.33 mM CAPS) with 300 mM NaCl and
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0.05 % DDM. The final concentration of BcHeR protein was 20 uM. The sample pH was adjusted
to the desired values by adding 100 mM HCI or NaOH. The absorption spectrum of the sample at
each pH was measured with a UV-visible spectrometer (UV-2450, Shimadzu).

Laser-flash photolysis. The BcHeR protein was suspended in the buffer at a final concentration
of 20 pM. The sample was excited by a 550 nm flash light with a nano-second pulsed Nd;YAG
laser (Surelite 1-10, Continuum, USA) and an optical parametric oscillator (Surelite OPO Plus,
Continuum, USA), as detailed previously.® In synchronization with the flash light, the sample was
illuminated with a probe light, monochromated output of a halogen lump through a
monochromator (CT-10, Jasco). For recording time-resolved absorption changes at specific
wavelengths, the intensity of the probe light passing through the sample before and after the
excitation was monitored by a side-on photomultiplier tube (H8249-102, Hamamatsu Photonics,
Japan). To improve the signal-to-noise ratio, measurements of the absorption changes were
repeated more than 10 times and were then averaged. Signals within the first 10 us after the
excitation were ignored due to the presence of the scattered flash light. The temperature of the
sample in a plastic cuvette was kept at 25 °C using a thermostat. Time evolutions of the absorption
spectra at each wavelength were fitted using two exponential equations as follows;

AOD(t) = a * exp (— %) + b x exp (— %), (1)

where t is the elapsed time from the onset of the measurement to, AOD is the difference in
absorbance at t0 and t, a and b are coefficients representing the amplitudes of each exponential

curve, and 71 and 7 are time constants.

RESULTS AND DISCUSSION

Heliorhodopsin from the gram-negative eubacterium B. caldifistulae (BcHeR).

As mentioned above, we found twelve new rhodopsin genes based on the pigmentation of E. coli
cells and later they were found to belong to the heliorhodopsin family. In this study, we introduce
and characterize one of those heliorhodopsins, a heliorhodopsin from B. caldifistulae (BcHeR)
(Figure 1), to understand which properties are conserved among the heliorhodopsin family. B.
caldifistulae itself was isolated from a thermophilic digester sludge and it belongs to the class
Anaerolineae of the bacterial phylum Chloroflexi. Members of the class Anaerolineae are known
to inhabit high-temperature (45-65 °C), anaerobic and low irradiance environments. In fact, the
closest relative (named Bellilinea sp. OUT-31) in the class Anaerolineae was identified from the
undermat of the Mushroom Spring within Yellowstone National Park.?® It is interesting to note
that, despite their environment with low irradiance, both organisms, of B. caldifistulae and
Bellilinea sp. OUT-31, possess hypothetical light-absorbing proteins in their membranes. From
the classification of all open reading frames encoding rhodopsins from the Tara oceans and from
fresh water metagenomes, Flores-Uribe et al. revealed that heliorhodopsins are only present in
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monoderms (gram-positive bacteria) having an inner membrane, not in diderms (gram-negative
bacteria) having inner and outer membranes.?” This finding supported the hypothesis that
heliorhodopsins expressed in the inner membrane of monoderms transport amphiphilic molecules
and that the presence of the outer membrane in gram-negative bacteria hampers such molecule
transport. Although B. caldifistulae is classified into the gram-negative bacteria family that is
usually thought to have two (inner and outer) membranes, members of the phylum Chloroflexi to
which B. caldifistulae belongs are exceptional gram-negative bacteria possessing only an inner
membrane.?® Thus, the presence of heliorhodopsin in B. caldifistulae is still consistent with the
claim that heliorhodopsins function as a transporter of amphiphilic molecules.?” The investigation
of the presence of BcHeR in the inner membrane of the native organism B. caldifistulae would
be necessary in future. It should be also noted that the genome of the strain B. caldifistulae
contains not only the heliorhodopsin (BcHeR) but also a putative sodium ion-pumping rhodopsin
(Accession Code: GAP09179) while the genes encoding transducer-like proteins such as Htr-1
and Il for sensory rhodopsins are absent in that genome. In addition, B. caldifistulae conserves
putative genes involving flagellar motility in the genome, however the motility and flagella has
not been confirmed®.

To visualize the phylogenetic position of BcHeR among the heliorhodopsins and the
known type-1 rhodopsins, we constructed the phylogenetic tree shown in Figure 1(a). The
heliorhodopsins including BcHeR (filled purple) clearly formed a group distinct from type-1
rhodopsins (filled orange). Among the heliorhodopsin family, each colored clade could be
assigned into a different organism species (orange clade; gram-negative bacteria and archaea,
green clade; gram-positive bacteria, purple and blue clades; eukaryotes and viruses). BcHeR was
correctly located on the clade of gram-negative bacteria while HeR-48C12 was distantly located
on the clade of gram-positive bacteria. The identity and similarity of amino acid sequences
between BcHeR and HeR-48C12 were 44 % and 62 %, respectively (see Table S1 for the identity
and similarity among all heliorhodopsins compared with BcHeR).

Figure 1(b) shows the secondary structure of BcHeR predicted by the free Philius
software,? in which amino acid residues commonly conserved between BcHeR and HeR-48C12
are marked by filled gray, while positively or negatively charged residues (inside helices) are
marked by blue and orange (double-) circles, respectively. As in type-1 rhodopsins,**% BcHeR
contains seven transmembrane helices and a lysine residue (K253) that forms a protonated Schiff
base with the retinal chromophore in the seventh helix (see Figure 4(a) and Figure S1). BcHeR
was predicted to have its N terminus in the cytoplasm, which is opposite to type-1 rhodopsins that
have their C terminus in the cytoplasm. This inverted membrane topology has been
experimentally validated for HeR-48C12'® as a recombinant protein in E. coli cells. However, it
would be more meaningful to validate that topology using the protein expressed in a ‘native
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organism’. Since it is known that the native organism ‘B. caldifistulae’ for BcHeR can be
cultured,® we will characterize the membrane topology of BcHeR expressed in the native
organism in the future. Further, from the mutation analysis of K241 and E107 in HeR-48C1218
and the amino acid alignment between HeR-48C12 and BcHeR (Figure S1), K253 and E118 in
BcHeR can be predicted to be retinal-binding residue via the protonated Schiff base and its
counterion, respectively. By performing the mutational analysis of the residue E118, we will
experimentally determine the residue of the counterion in future work.
Functional and photochemical properties.
Many microbial rhodopsins show light-driven ion-transport activity, which is one of their
representative functions. We measured whether BcHeR also shows ion transport activity when
expressed in E. coli cells. Archaerhodopsin-3 (AR3), used as a positive control, and BcHeR were
expressed in E. coli cells and were suspended in unbuffered 300 mM NacCl solution. Carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) at a 30 uM final concentration was used as a
protonophore. In general, ion transport activities of rhodopsins in E. coli cells are always
accompanied by proton transport upon illumination. In the presence of CCCP as the protonophore,
such proton transport is abolished for proton-transporting rhodopsin®? or is enhanced for other
ion-transporting ones.>

As seen in the insert of Figure 2, E. coli cells expressing BcHeR have a purple color due
to their absorption at around 550 nm, while AR3 also absorbs 550 nm light maximally.®
Therefore, these samples were excited at 550 nm light. The control AR3 has been proved to
function as an outward proton-pump®? and this was confirmed in this experiment as well as shown
in Figure 2. The light illumination caused a significant pH decrease because AR3 pumps protons
outwardly across the membrane (solid orange), while the addition of CCCP elicited no pH change
because the proton gradient produced by AR3 is rapidly dissipated due to the added CCCP (dotted
orange). In contrast, regardless of the presence or absence of CCCP, BcHeR produced no
detectable pH change upon illumination (solid and dotted blues), meaning that BcHeR did not
transport any ions (Na*, ClI- and H*) contained in the solution and does not function as an ion
pump or channel. This could be observed as well in the case of HeR-48C12 and the absence of
ion transport activity for both BcHeR and HeR-48C12 may indicate that the heliorhodopsin family
has other functions such as a light-sensor or the light-induced transport of molecules such as
glycopeptides or amphiphilic molecules as proposed in previous studies.'82734
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Figure 2. lon transport measurement. The light-induced pH changes of E. coli cell suspensions were
observed in the absence (solid line) and in the presence (dotted line) of CCCP. For ion transport activity
assays, the cell suspensions were illuminated at 550 nm, 10 mW/cm? for 3 min in unbuffered 300 mM
NaCl solution. While AR3, used as a control, showed a pH decrease in the absence of CCCP (outward
proton-pumping activity), BcHeR showed no pH change regardless of the presence or absence of CCCP
(no ion transport activity). The insert shows collected E. coli cells expressing BcHeR. Initial pH values
for AR3 and BcHeR were 6.49 and 6.45, respectively.
We next characterized the absorption spectra and retinal configuration of purified
BcHeR in dark- and in light-illuminated conditions. Many microbial rhodopsins and even HeR-
48C12 present not only a light-adapted state'® but also a dark-adapted state.® In the dark-adapted
state, a significant portion of all-trans retinal transforms into the 13-cis form and this retinal
structural change blue-shifts the absorption spectrum.®® AR3 is one such example possessing a
dark-adapted state. As seen in Figures 3(a) and 3(b), light illumination of AR3 red-shifted the
absorption spectrum by 8 nm (from 552 nm to 560 nm) and caused a predominantly all-trans
retinal configuration (from 48 % to 89 % in the proportion of all-trans form), which correlated
well with a previous study (the proportion of all-trans form; 53 % in the dark-adapted state, 90 %
in the light-adapted state).'® In contrast, BcHeR showed no such difference; under both dark- and
light-illuminated conditions the absorption spectrum showed a maximum at around 550 nm and
the retinal takes approximately 88 % all-trans form in the configuration (Table 1). The absorption
maximum at 550 nm is almost identical to that of HeR-48C12 (Table 1) and causes BcHeR to
have a purple color as seen in the insert of Figure 3(a). Since the purple-colored rhodopsin absorbs

green light (around 550 nm) maximally, the heliorhodopsin family may be categorized as green-
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absorbing rhodopsins. The results shown in Figures 3(a) and 3(b) also revealed that the retinal
adaptation state in dark- or in light-adapted conditions is absent in BcHeR, which is clearly a
property that are not conserved in comparison with HeR-48C12. This characteristic difference
between BcHeR and HeR-48C12 indicates that the presence/absence of the retinal-adaption state
may not be important for the function of heliorhodopsins.

In many microbial rhodopsins, the all-trans form of the retinal is an active state while
the 13-cis form is an inactive state for producing their biological functions. For example, for
proton-pumping Rubricoccus marinus xenorhodopsin,® the portion of the 13-cis form as the
inactive state increases under a high-irradiance environment, probably in order to adaptively
reduce the efficiency of the pumping activity. The same senario could be applied to HeR-48C12.
This heliorhodopsin was found in Lake Kinneret of Israel which has a ‘high-irradiance in daytime’
and a ‘low-irradiance in night’.’® Due to such an environment, HeR-48C12 may have gained the
ability to switch its retinal configuration to adaptively adjust its biological function depending on
the strength of the light irradiance. In contrast, BcHeR was isolated from a thermophilic digester
sludge in which the light irradiance is always extremely low regardless of whether it is daytime
or night. Therefore, rhodopsins such as BcHeR that live under a habitually low-irradiance
environment may evolutionally lose the switching ability of their retinal configuration.

It has been difficult so far to determine the biological function of BcHeR. One effective
way to predict the function or substrate ion(s) for BcHeR is to measure dose-dependent maximum
absorbance changes with different ions. Indeed, from the observation of absorbance spectral
changes, the substrate ion has been successfully confirmed for microbial rhodopsins such as
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Figure 3. Visible absorption spectra and retinal configuration of purified BcHeR. As a representative
type-1 rhodopsin, AR3 was used as a positive control. (a) Absorption spectra of AR3 and BcHeR in
dark- and in light-adapted conditions (solid and dotted lines). An absorption peak of BcHeR was
detected at around 550 nm and almost no spectral change was observed in dark- or in light-adapted
conditions. The offset value was applied to the case of AR3 for comparison. The insert shows purified
BcHeR in the buffer solution. (b) HPLC patterns of retinal oximes for AR3 and BcHeR in dark- and in
light-adapted conditions. The symbols, ‘Ts’, “Ta’, “13s’ and “13a’, represent all-trans-15-syn, all-trans-
15-anti, 13-cis-15-syn and 13-cis-15-anti retinal oxime, respectively (see Figure 4(a)). The
compositions of each retinal isomer were calculated from the areas of the peaks (Ars, Ata, A3, and
Ausa) in the HPLC patterns. For BcHeR, regardless of conditions, the ratio of the all-trans form to the
13-cis form, (Ars + Ata) / (A1zs + Auza), Was approximately 88 %. As a reference, for AR3 in dark-
adapted condition, the normalized areas of peaks were 1.0 for Ars, 0.37 for Ara, 0.97 for Asss, and 0.48
for Aasa, respectively.

chloride-pumping halorhodopsin®” and sulfate (ion)-pumping rhodopsin.®® Such spectral
measurements may be a possible future work to identify clues to reveal the function of BcHeR.
The protonated Schiff base and its counterion generally play a key role for microbial

rhodopsins in producing their functions**4% and the pKa values for these residues could be
function-determinant®4!, As seen in Figure 4(a) and the sequence alignment in Figure S2, the
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retinal of BcHeR is predicted to be bound to a lysine residue (K253) in the seventh helix via a
protonated Schiff base linkage, which would be electrically stabilized by a negatively charged
residue as a counterion (presumably E118 for BcHeR). To estimate such pKa values for a
protonated Schiff base linkage with K253 and its counterion of BcHeR, we performed
spectroscopic pH titration experiments. The purified BcHeR was suspended in a 6-mix buffer
consisting of citric acid, MES, TES, TAPS, CHES and CAPS, a buffer that avoids drastic pH
changes due to its buffer action over a wide pH range from 3 to 11. The pH-dependent spectral
changes under acidic conditions are first shown in Figure 4(b). They exhibited a small spectral
red-shift, which likely represents the protonation of the counterion and a corresponding decrease
of the energy gap between the electronic ground and excited states. The difference spectra in
Figure 4(c) show an absorbance increase at around 610 nm, which contributed to the spectral red-
shift in Figure 4(b). Due to protein denaturation, the absorbance at 390 nm also increased as the
pH values lowered and thus the pH-dependent spectral changes were irreversible. As well as for
HeR-48C12, an absorbance increase in the UV region (around 400 nm) was observed, probably
due to protein denaturation.’® Therefore, heliorhodopsins may be intrinsically unstable under
acidic conditions. Yet, for BcHeR, an isosbestic point at around 590 nm could still be seen and a
significant denaturation as signified by the increasing absorption at around 390 nm was not
observed below the pH of 4.5. Although a titration curve using the shift of absorption maxima
against pH values in Figure 4(d) cannot estimate the correct pKa of the counterion, the pKa should
be at least smaller than 4.5. This result clearly indicates that the counterion is deprotonated at
neutral pH value.

A pH titration experiment under alkaline conditions was also performed to estimate the
pKa value of the protonated Schiff base (K253). Usually, deprotonation of the protonated Schiff
base under alkaline conditions causes a large spectral blue-shift to the UV region (around 390
nm),*? which appears clearly in Figures 4(e) and 4(f). However, protein denaturation under
alkaline conditions also exhibits a spectral blue-shift similar to that caused by deprotonation of
the protonated Schiff base, therefore requiring us to identify the cause for the spectral change in
Figures 4(e) and 4(f). To clarify this point, we estimated how much protein denaturation occurs
at each pH value as follows; the absorption spectrum Ay is measured at pH = 7, NaOH is added to
the sample until the pH reaches the target value after which HCI is added to get the original pH
of 7 again. The absorption spectrum A, is measured and the difference in absorbance between
those spectra (4A = Ay - Ay) is considered as the amount of protein denaturation (data not shown).
The data revealed that the spectral blue-shift comes mostly from protein denaturation and thus it
can be concluded that deprotonation of the Schiff base was not observed at least over pH values
from 7 to 11. Due to such protein instability under an alkaline pH, the exact pKa value of the
Schiff base (K253) could not be estimated. As shown in Figure 4(g), since the amount of protein
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denaturation is small enough at pH values of less than 10, the pKa of the Schiff base should be at
least larger than 10, indicating that the Schiff base is protonated at a neutral pH value. As
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Figure 4. Absorption spectra of BcHeR at various pH values. The sample was suspended in a 6-mix
buffer (0.89 mM citric acid, 0.89 mM MES, 1.1 mM TES, 0.78 mM TAPS, 1.1 mM CHES and 0.33
mM CAPS) with 300 mM NaCl and 0.05% DDM. The pH was adjusted to the desired value by adding
concentrated HCI or NaOH. (a) Schematic of all-trans retinal bound to opsin with many carbon atoms
in BcHeR. The retinal is specifically bound to a lysine residue (K253) through a protonated Schiff base
that is electrically stabilized by a counterion (presumably E118). (b) Absorption and (c) difference
absorption spectra at acidic pH values. The difference spectra were obtained with the spectrum at a pH
of 7 as a baseline. (d) pH titration curve at acidic condition using the absorption maxima at around 550
nm. The absorption maxima were red-shifted as the pH values lowered, which is presumed to reflect the
protonation of the counterion, E118. Considering that an isosbestic point at 590 nm was clearly seen and
a significant denaturation as signified by the increasing absorption at around 390 nm was not observed
below the pH of 4.5 in (c), the pK, of the counterion E118 is presumed to be at least smaller than 4.5.
(e) Absorption and (f) difference spectra at alkaline pH values. The difference spectra were obtained
with the spectrum at a pH of 7 as a baseline. (g) pH titration curve at alkaline pH values using the
difference absorbance at 550 nm. The pK, of the Schiff base linked to K253 was not estimated because
the absorbance decrease at 550 nm was irreversible mainly due to denaturation of the proteins. Since the
protein denaturation is small enough at pH values of less than 10, the pKa of the Schiff base should be
larger than 10.
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summarized in Table 1, both in BcHeR and in HeR-48C12, the Schiff base and the counterion are
protonated and deprotonated at neutral pH values respectively, indicating the functional
importance of the salt bridge between the Schiff base and the counterion.

Photocycle.
Illumination of short-pulsed light to microbial rhodopsins causes the photoisomerization from all-
trans to 13-cis retinal, subsequently triggering a cyclic series of reactions called the ‘photocycle’
within millisecond to second time frames.}*®® A typical photocycle contains various photo-
intermediates, such as the K, M, and O intermediates, whose names and characteristics have been
established for BR.%° Most importantly, during the photocycle, there is an intermediate presenting
the changes in the helical conformation and/or the ion-affinity that are required for functions such
as ion transport and photo-sensory transduction. To observe such a photocycle for BcHeR, we
performed time-resolved flash-photolysis measurements. Purified BcHeR was prepared in buffer
at a pH of 7 in which the Schiff base and its counterion are protonated and deprotonated,
respectively, according to the results shown in Figure 4. The sample was then excited with pulsed
laser light and absorbance changes were recorded at each wavelength during the elapsed time t
from 10 ps to 20 s.

Figure 5(a) shows the difference absorbance spectra at each elapsed time ranging from
380 nm to 720 nm. While many type-1 rhodopsins and heliorhodopsin HeR-48C12 show
absorbance changes at around 400 nm, which reflect the presence of the M intermediate where
the retinal-binding Schiff base is deprotonated,'®3® BcHeR did not show such an absorbance
change at 400 nm within the time-resolution of our measurements. This result raises two
possibilities; one is that the rise and decay of the M intermediate is too fast to be detectable, while
the other is the lack of an M intermediate as seen in anion-pump halorhodopsin.** On the other
hand, the rise in absorbance at 625 nm and the synchronous decay at 525 nm are assignable to
formation of the O intermediate where the retinal reisomerization to the all-trans form would take
place. Figure 5(b) shows the time course of the difference absorbance at representative
wavelengths (400 nm, 525 nm and 625 nm). The difference absorbance at 625 nm showed the
presence of some intermediate even at the onset of the measurement (t = 10 ps), which is
presumably the K-like intermediate representing an early photo-intermediate with the retinal
isomerization. The absorbance at 625 nm then rose gradually in a sub-millisecond time scale,
which can be interpreted as the formation of the O intermediate as mentioned above. This O
intermediate continued to accumulate over around 100 ms and then slowly depleted within 10 s.
The time course of the absorbance at 525 nm was synchronized but inverted in the amplitude
compared with that at 625 nm. These curves were able to be fitted well with two exponential
curves, meaning the formation and the depletion of the O intermediate. The time constants 11 and
T, were 0.6 ms and 1.7 s, respectively, and these were comparable to those observed in HeR-
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48C12 (t1: 2 ms and t2: 0.8 s). If the M intermediate can be assumed to be present, an absorbance
change at 400 nm should be observed between the K and the O intermediates. However, the
measured absorbance change at 400 nm did not show any accumulation. It should be noted that
HeR-48C12 contains two retinal isomers of 40 % all-trans and 60 % 13-cis forms in the light-
adapted state, resulting in two independent reactions. In contrast, BcHeR predominantly contains
all-trans retinal in both the dark- and the light-adapted states, providing only a single reaction.
This difference between these heliorhodopsins might be the reason for the lack of an M
intermediate in BcHeR.

Based on these results, we propose a photocycle model for BcHeR as shown
schematically in Figure 5(c). After excitation with the light pulse at 550 nm, the retinal is
immediately isomerized from the all-trans to the 13-cis form and the K intermediate at 625 nm is
formed within 10 ps. Assuming that the M intermediate is present after the K intermediate, the
protonated Schiff base and its counterion are expected be deprotonated and protonated at the M
formation as seen in many type-1 rhodopsins.* Interestingly, however, the counterion E107 in
HeR-48C12 proved not to act as a proton acceptor from the mutation analysis,*® and thereby the
counterion (presumably E118) in BcHeR is also unlikely to be a proton acceptor. After the K
intermediate, the O intermediate is formed with the time constant t; of 0.6 ms and continued to
accumulate over 100 ms. In many microbial rhodopsins,* the retinal is reisomerized to the all-
trans form upon formation of the O intermediate. Thus, the isomerized retinal for BcHeR is
presumed to recover the all-trans configuration at the O intermediate. Considering such a
characteristic long-life of the O intermediate compared with BR (Table 1), the O intermediate
might be causing large conformational changes that correspond to an active state for some
unidentified function in BcHeR. According to previous works for HeR-48C12,'827 one possible
function is signal transduction since the long-lived O intermediate is a typical characteristic of
sensory rhodopsin.! Another possible function is the transport of glycopeptides and/or
amphiphilic molecules since BcHeR is derived from a gram-negative bacterium that would
possess only an inner membrane. Finally, the O intermediate decays with a time constant 7, of 1.7
s and the original state is recovered within 10 s.

15



i
[=]

o]
(=]

=

=201

Difference Absorbance(mOD)g

400 440 480 520 560 600 640 680

Wavelength(nm)
(b) e —
8 60 F —400nm 1
525nm

E O ——625nm
8 40 —- ~fitting 7
[ =

[

£

c 20t

w

0

<

o [« ,.f

e 20 T, o

o ) \w.mmﬂv”‘

10° 10* 10° 102 10" 10° 10
Time(s)

N
A hv@550nm

BcHeR _
(HeR-48C12) ™\ Retinal
all-trans
~1.7s <10ps\ ¥
(0.8s) 113-cis

(c)
O [625nm] K
~0.6ms
Sems)
M?

Figure 5. Time-resolved flash-photolysis with 550 nm pulsed light. (a) Transient absorption spectra
ranging from a 10 us to a 20 s time frame. (b) Time evolution of the absorption spectra at representative
wavelengths of 400 nm (blue), 525 nm (green) and 625 nm (red). For the absorbance at 625 nm, the
accumulation at the onset of the measurement (t = 10 s) represents the K intermediate and the
subsequent increase represents the O intermediate. These three curves were fitted well using two
exponential equations (dotted black lines). (c) Photocycle model. The flash light at 550 nm initiates the
photocycle of BcHeR. During the transition from an original state to the K intermediate, the retinal is
isomerized from the all-trans to the 13-cis form. The K intermediate then decays and the O intermediate
emerges with a time constant t, of 0.6 ms (2 ms for HeR-48C12). An M intermediate may exist between
the K and O intermediates although it is not detectable in our experiment. At the end, the O intermediate
decays and the original state recovers with a time constant t, of 1.7 s (0.8 s for HeR-48C12). The
isomerized retinal is presumed to return back to the all-trans form at the O intermediate.
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Table 1. Summarized photochemical properties for BcHeR and HeR-48C12 from heliorhodopsins,
and bacteriorhodopsin (BR) from type-1 rhodopsin.

Obsin Fraction Amax All-frans in retinal Ka value Decay constant of
P (nm) configuration (%) P O intermediate (s)

Gram-negative Dark: 88% Schiff base: >10 (K253)

BeHeR ™ hacteria  °°°  Light: 88% Counterion: <4.5 (E118) ~1.7
HeR- Gram-positive 551 Dark: 97%('®  Schiff base: 11.5 (K241)(8) ~0.8018)
48C12 bacteria Light: 40%!8) Counterion: 3.7(E107)("8) ’
Dark: 50%%4  Schiff base: 13.3 (K216)31) N (30
BR Archaea 570 | ioht- 100%©4  Counterion: 2.6 (D85)® 0.002t
CONCLUSION

This study aimed to identify photochemical properties that are conserved and are not conserved
between BcHeR from a gram-negative eubacterium and HeR-48C12 from a gram-positive
eubacterium. As a property that is not conserved, the adaptation state of retinal to dark- or light-
condition was absent in BcHeR based on HPLC patterns while HeR-48C12 shows the light-
adaptation state. In contrast, conserved properties between BcHeR and HeR-48C12 were also
identified: the ion-transport activity is not observed; the Schiff base and the counterion are
respectively protonated and deprotonated at neutral pH; there exists the second-scale long-lived
O intermediate during the photocycle which may activate their unidentified function. We believe
that these findings provide a basis for understanding common characteristics of the
heliorhodopsins.

As a future work, we will first perform extensive mutation analysis to experimentally
identify the residues for Schiff base, the counterion and the proton acceptor of Schiff base in
BcHeR. Next, we will measure dose-dependent maximum absorbance changes under different
ions in the native organism expressing BcHeR for revealing the possible function of BcHeR.
Through the further understanding of BcHeR from the above possible experiments, we would like
to explore the nature of the heliorhodopsins.

Supporting Information

Amino acid alignment among the heliorhodopsin family, amino acid alignment of BcHeR, HeR-
48C12 and various type-1 microbial rhodopsins, and lists of rhodopsins with accession numbers
used in Figure 1(a).

Accession Codes

Hypothetical protein [Bellilinea caldifistulae] KPL76735.1
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