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Abstract

Most animals possess multiple opsins which sense light for visual and non-visual functions.
Here, we show spectral characteristics of non-visual opsins, vertebrate Opn3s, which are
widely distributed among vertebrates. We successfully expressed zebrafish Opn3 in mamma-
lian cultured cells and measured its absorption spectrum spectroscopically. When incubated
with 11-cis retinal, zebrafish Opn3 formed a blue-sensitive photopigment with an absorption
maximum around 465 nm. The Opn3 converts to an all-trans retinal-bearing photoproduct
with an absorption spectrum similar to the dark state following brief blue-light irradiation. The
photoproduct experienced a remarkable blue-shift, with changes in position of the isosbestic
point, during further irradiation. We then used a cAMP-dependent luciferase reporter assay to
investigate light-dependent cAMP responses in cultured cells expressing zebrafish, pufferfish,
anole and chicken Opn3. The wild type opsins did not produce responses, but cells express-
ing chimera mutants (WT Opn3s in which the third intracellular loops were replaced with the
third intracellular loop of a Gs-coupled jellyfish opsin) displayed light-dependent changes in
cAMP. The results suggest that Opn3 is capable of activating G protein(s) in a light-dependent
manner. Finally, we used this assay to measure the relative wavelength-dependent response
of cells expressing Opn3 chimeras to multiple quantally-matched stimuli. The inferred spectral
sensitivity curve of zebrafish Opn3 accurately matched the measured absorption spectrum.
We were unable to estimate the spectral sensitivity curve of mouse or anole Opn3, but, like
zebrafish Opn3, the chicken and pufferfish Opn3-JiL3 chimeras also formed blue-sensitive
pigments. These findings suggest that vertebrate Opn3s may form blue-sensitive G protein-
coupled pigments. Further, we suggest that the method described here, combining a cAMP-
dependent luciferase reporter assay with chimeric opsins possessing the third intracellular
loop of jellyfish opsin, is a versatile approach for estimating absorption spectra of opsins with
unknown signaling cascades or for which absorption spectra are difficult to obtain.

Introduction

Most animals capture light with opsins for vision and non-visual functions. Opsins form light-
sensitive pigments with a retinal chromophore and absorb light to activate G proteins.
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Therefore, opsins are considered to be light-sensitive G protein coupled receptors (GPCRs).
Several thousands of opsin genes have been identified, and they are phylogenetically and
functionally classified into eight groups [1-3]. Accumulated evidence has revealed that six of
the groups (the Gt-coupled opsin, Opn3, Gq-coupled opsin, Go-coupled opsin, Gs-coupled
opsin and Opn5 groups) contain G-protein-coupled opsins [4-12], although the members of
the other two groups, retinochromes and peropsins, serve as retinal photoisomerases [13-
16]. Most G-protein coupled opsin groups are composed of some vertebrate subgroups in
addition to invertebrate homologs, and functional differences among the subgroups is an
important issue to be solved for complete understanding of vertebrate opsin diversity. In
addition, the fact that mammals possess opsins of limited subgroups, compared to non-
mammalian vertebrates, in most opsin groups indicates that functional properties of opsins
in such subgroups could provide a clue to an overall understanding of the mammalian photo-
reception [17-19].

The Opn3 group, which is closely related to the Gt-coupled opsin group, contains the verte-
brate Opn3 subgroup including mammalian Opn3 (originally called encephalopsin or panop-
sin) and three TMT (teleost multiple tissue) opsin subgroups in addition to the invertebrate
Opn3 homologs (invertebrate c-opsins or pteropsins from organisms such as amphioxus,
insects and annelids) [5, 20]. Interestingly, the members of the vertebrate Opn3 and TMT
opsin subgroups are expressed in various vertebrate tissues, including the brain (human,
mouse, pufferfish, and zebrafish), liver (human and pufferfish), kidney (human and zebrafish),
and heart (zebrafish), in addition to the eye (human, pufferfish, and zebrafish) [21-25]. The
mRNA localizations of the vertebrate Opn3 and TMT opsins suggest that the members of the
Opn3 group may confer photosensitivity in extraocular tissues that are generally considered
light-insensitive in vertebrates, if they indeed serve as light-sensor proteins.

Recently, we attempted to analyze the vertebrate opsins in the Opn3 group, and we success-
fully expressed the pufferfish TMT opsin and reported its molecular properties [5]. The puffer-
fish TMT opsin has an absorption maximum in the blue region and activates Gi-type and Go-
type G proteins in a light-dependent manner, indicating that it potentially serves as a light-sen-
sitive Gi/Go-coupled receptor [5]. Medaka TMT opsins were also shown to be blue-sensitive
Gi/Go coupled opsins [26]. Although absorption spectra of the vertebrate Opn3 have not been
obtained, probably due to their low expression level in cultured cells, light-dependent cellular
responses in cultured cells expressing medaka Opn3 were measured using an impedance-based
Real-Time Cell Analysis (RTCA) system, a method for detecting cellular responses through
changes in cellular morphology elicited by surface receptor activation [27]. This study sug-
gested that vertebrate Opn3 could serve as a light-sensor protein. However, the molecular
properties of vertebrate Opn3, including its absorption spectra and ability to activate G pro-
teins, remain unsolved.

Here, we investigated spectral properties of several vertebrate Opn3s and compare them
with those of TMT opsins. We show that zebrafish Opn3 formed a blue-sensitive photopig-
ment. We then used quantified wavelength-dependent intracellular cAMP responses of cul-
tured cells expressing zebrafish, pufferfish, and chicken Opn3 chimeras. We suggest that the
vertebrate Opn3s have the ability to activate G proteins and that pufferfish and chicken Opn3s
possess absorption characteristics similar to zebrafish Opn3.

Materials and Methods
Ethics Statement

This experiment was approved by the Osaka City University animal experiment committee
(#S0032) and complied with the Regulations on Animal Experiments from Osaka City University.
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Animals

Wild-type (AB strain) zebrafish (Danio rerio) were obtained from the Zebrafish International
Resource Center (ZIRC) and National Bio Resource Project (NBRP) Zebrafish. Pufferfish
(Takifugu rubripes) and C57BL/6 mice (Mus musculus) were obtained from Shimizu Labora-
tory Supplies Co., Ltd. (Kyoto, Japan) and Oriental Yeast Co., Ltd. (Tokyo, Japan), respectively.
Zebrafish were housed at 28.5°C under 14-h light/10-h dark cycles and were fed every day with
newly hatched brine shrimp (Artemia nauplii). Mice were maintained at 24°C on 12-h light/
12-h dark cycles and provided food and tap water ad libitum.

Dissection and RNA isolation

Three adult zebrafish and an adult pufferfish were euthanized by decapitation after anesthe-
tized with ice. Two mice (female 10-week-old) were euthanized with CO, Their brains were
collected and total RNAs were extracted from the brain tissues using Sepasol(R)-RNA I (Naca-
lai Tesque Inc., Kyoto, Japan).

Expression vectors of opsins and their mutants

The cDNAs of the zebrafish, pufferfish, and mouse Opn3s were isolated from the total RNA of
brain tissues of the respective animals by RT-PCR. The DNA of human Opn3 was obtained by
combining DNA fragments amplified from the genome DNA of HEK293S cells (a human
embryonic kidney cell line) by PCR. In each case, PCR was carried out using gene-specific
primers based on gene sequences found in genome databases. Because we previously reported
that the C-terminal truncation of long-tailed opsins increased the purification efficiency of the
pigment [5, 28, 29], we constructed deletion mutants of Opn3s that have a shorter C terminus.
The cDNAs of C-terminal-truncated anole Opn3 (minus the C-terminal 51 amino acids) and
full-length chicken Opn3 were synthesized based on gene sequences found in genome data-
bases (Genscript). The cDNAs of C-terminal-truncated zebrafish, pufferfish, chicken, mouse,
and human Opn3s (minus the C-terminal 52, 54, 51, 51, and 51 amino acids, respectively)
were generated from respective full-length cDNAs. Chimeric mutants having the third intracel-
lular loop of Gs-coupled Jellyfish opsins (S1 Fig), which were deduced based on the previous
report [30], were generated by replacing the cDNA region corresponding to the third intracel-
lular loop of opsins with that of Gs-coupled jellyfish opsin by PCR. The C-termini of WT, C-
terminal-truncated and chimera Opn3s were tagged with the rho 1D4 epitope sequence
(ETSQVAPA) [31]. The tagged cDNAs were inserted between the Hind III and Eco RI sites of
the pcDNA3.1 expression vector (Invitrogen). The expression constructs of pufferfish TMT
opsin [5], C-terminal-truncated mosquito Opn3 [5], spider visual opsin Rh1 [32], jellyfish
opsin [10], and bovine rhodopsin [33], each possessing the C-terminal 1D4 sequence, were
also used.

Expression and purification of the opsin-based pigment and
spectroscopy

The opsin expression and purification were performed as described previously [34, 35]. Briefly,
the opsin expression vectors were transfected into HEK293S cells or COS-1 cells (SV40-trans-
formed African green monkey kidney cell line) using the polyethylenimine (PEI) transfection
method. The transfected cells were harvested two days after the transfection. After addition of
11-cis retinal, opsin-based pigments were extracted with 1% dodecyl B-D-maltoside (DM) in
HEPES buffer (pH 6.5) containing 140 mM NaCl and 3 mM MgCl, (buffer A), bound to

PLOS ONE | DOI:10.1371/journal.pone.0161215 August 17,2016 3/15



@’PLOS ‘ ONE

Blue Sensitive Pigment Opn3

1D4-agarose, washed with 0.02% DM in buffer A and eluted with buffer A containing 0.02%
DM and C-terminal peptide of bovine rhodopsin as described.

The absorption spectra of the opsin-based pigments were recorded at 4°C by using a Shi-
madzu UV2450 spectrophotometer. Blue lights were supplied by a 1-kW halogen lamp (Phil-
ips) with a 470 nm interference filter (MZ0470; Asahi Spectra Co., Ltd., Tokyo, Japan).

Chromophore analysis

The chromophore configurations of the irradiated and non-irradiated, purified zebrafish Opn3
were analyzed by HPLC, as described [16, 36].

Measurement of intracellular cAMP level

The changes in the intracellular cAMP level of the opsin-expressing HEK293S cells were mea-
sured using the GloSensor cAMP assay (Promega) as described [5]. Briefly, 35mm tissue cul-
ture dishes of HEK293S cells (20-30% confluent) were transfected with 1.5 pg of each opsin
expression plasmid and 1.5 pg of the pGloSensor-22F cAMP plasmid (Promega) using the PEI
transfection method. The transfected cells were incubated overnight in culture medium con-
taining 10% FBS and supplemented with 11-cis retinal. Before measurements, the culture
medium was replaced with a CO,-independent medium containing 10% FBS and GloSensor
cAMP Reagent stock solution (Promega). Dishes of cells were allowed to equilibrate with the
recording media at 25°C for at least two hours. After equilibration, cells were then stimulated
with light (see details below) and the change in luminescence, an indicator of intracellular
cAMP, was measured at 25°C using a GloMax 20/20n Luminometer (Promega). To measure
light-dependent Gi activation, (light-dependent cAMP decrease), the cells were first treated
with 3.5 uM forskolin, a direct activator of adenylyl cyclase, to produce an increase in the intra-
cellular cAMP level. The light-induced changes in the cAMP level in the transfected cells were
measured by irradiation with a green (500 nm) light-emitting diode (LED) light (Ex-DHC; Bio
Tools Inc., Gunma, Japan). The light stimuli were applied for 5 seconds in all GloSensor cAMP
assays.

Estimation of spectral sensitivity curves

LEDs with spectral emission peaks of 410 nm, 430 nm, 470 nm, 510 nm, 540nm 580 nm, 600
nm and 630 nm arrayed on a board (SPL-25-CC; REVOX Inc., Kanagawa, Japan) were used as
light sources. The quantal intensities of each wavelength LED light were matched to 1.5 * 107,
1.9* 10" or 1.9 * 10"° photons / cm? - sec using interference filters (MZ0410, MZ0430,
MZ0470, MZ0510, MZ0540, MZ0580, and MZ0600; Asahi Spectra Co., Ltd.), neutral-density
(ND) filters (SIGMAKOKI Co., Ltd., Saitama, Japan and Shibuya Optical Co., Ltd., Saitama,
Japan) and ground-glass (Shibuya Optical Co., Ltd.) (S2 Fig). The wavelength-dependent
responses (change in luminescence; cAMP) of opsin-expressing cultured cells were measured
for each light stimuli. The measured luminescence values were normalized to those just before
the irradiations to obtain the wavelength-dependent responses. Dose (intensity)-response
curves were generated for cultured cells expressing each of the opsins by irradiating cells

with green (500 nm) LED light at multiple intensities, established using a series of neutral-den-
sity (ND) filters. It should be noted that individual dishes of cells were irradiated only once
during the measurements and at least three independent measurements were made at each
wavelength or intensity. The intensity-response curve was obtained by fitting a sigmoid func-
tion (V= V.. * I" / (I" + K"), where V is the value of response, V,,,,, is maximum response
value, I is the intensity of light stimulus, K is intensity of light stimulus eliciting 50% V.., and
n is the exponent) to the mean responses at each intensity of 500 nm light. The values of the
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wavelength-dependent responses were extrapolated to the intensity-response curve to trans-
form the values into photon numbers required for the responses, equivalent to the relative sen-
sitivity [37]. Spectral sensitivity curves were estimated by fitting a rhodopsin nomogram curve
[38] to the relative sensitivities according to the least squares method with the aid of IGOR Pro
software (WaveMetrics).

Results
Absorption spectrum of zebrafish Opn3

We first attempted to investigate the absorption spectra of several vertebrate (pufferfish, zebra-
fish, anole, chicken, mouse and human) Opn3s, using spectroscopic analysis of the recombi-
nant Opn3s, expressed in HEK293 cells and purified after addition of 11-cis retinal. We
successfully measured an absorption spectrum of zebrafish Opn3, which had an absorption
maximum at around 465 nm (Fig 1A). The absorption spectrum of the zebrafish Opn3 was
similar to that of the pufferfish TMT opsin that we previously reported [5]. Unfortunately, we
were unable to obtain clear absorption spectra for the other Opn3s, probably due to their low
expression level in cultured cells.

We then investigated spectral changes of zebrafish Opn3 upon light irradiation. Irradiation
of zebrafish Opn3 with blue light for 30 sec did not cause any obvious spectral changes (Fig
1A). Chromophore analyses of zebrafish Opn3, before and after the 30 sec light-irradiation,
indicated that the Opn3 bound to 11-cis retinal in the dark, and approximately half of the
chromophore underwent photoisomerization to all-trans retinal during blue light irradiation
(Fig 1B). These results show formation of the photoproduct with an absorption spectrum
almost identical to the dark state one. Further irradiation caused an obvious blue shift of the
spectrum with changes in the positions of isosbestic point, suggesting that the photoproduct
was changed to a spectroscopically different product(s) possessing an all-trans chromophore
(Fig 1A and 1B). These findings indicate that the teleost Opn3 and TMT opsin have a similar
spectral characteristic in the dark but undergo different spectral changes upon light absorption,

B
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8 : g Irr. at
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Fig 1. Absorption spectra and chromophore configurations of zebrafish Opn3 before and after light irradiation. (A) Absorption
spectra of purified zebrafish Opn3 in the dark (red curve), after 30 seconds (blue dotted curve), 4 minutes (green curve) and 16 minutes
(black curve) irradiation with blue light. (B) Chromophore configurations of purified zebrafish Opn3 in the respective states.

doi:10.1371/journal.pone.0161215.g001
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suggesting that the molecular properties of the Opn3 photoproducts differ from those of TMT
opsins [5, 26].

Light-dependent cAMP change in cultured cells expressing vertebrate
Opn3
We then used the GloSensor cAMP-dependent luciferase reporter assay to measure the light-
dependent changes in intracellular cAMP in cultured cells expressing vertebrate Opn3. We
expected to observe a decrease in cAMP upon light stimulation, because the pufferfish TMT
opsin decreases cCAMP in the cells through light-dependent activation of Gi [5]. However, we
did not detect a light-dependent cAMP decrease in cultured cells expressing the zebrafish
Opn3 (Fig 2A). Consistent with previous results, clear cAMP decreases were observed in the
cells expressing the TMT opsin (Fig 2A). We also did not observe any cAMP decrease in cells
expressing human, mouse, chicken, anole, or pufferfish Opn3 (S3 Fig). These results suggested:
1) that vertebrate Opn3 might activate a G protein other than Gi, unlike the vertebrate TMT
opsin, or 2) that vertebrate Opn3 may not activate G proteins.

To investigate whether Opn3 has the ability to activate a G protein we analyzed the
cAMP response of cultured cells expressing the mutant zebrafish Opn3 (Opn3-JiL3), in which
the third intracellular loop was replaced with the third intracellular loop of the jellyfish Gs-cou-
pled opsin [10]. We replaced the native third intracellular loop because this loop is a major
determinant of G protein selectivity in opsins [33]. We observed an obvious light-dependent

A B

1.5 - Zebrafish Opn3 500 Zebrafish
'  Opn3-JiL3

1.0 400 | ]

0.5 - 200

I
~<
|

Rel. luminescence

0.0

0

1 1 1 1 1 | |

-20 0 20 40 60 80 -10 0 10 20 3
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Fig 2. Light-dependent cAMP change in cultured cells expressing zebrafish Opn3. Intracellular cAMP levels
in cultured cells were measured as intensity of luminescence signals. (A) Light-dependent cAMP change in
zebrafish Opn3 (red curve) and pufferfish TMT opsin (gray curve) after forskolin treatment (black arrow). (B) Light-
dependent cAMP change in zebrafish Opn3 (blue curve) and zebrafish Opn3-JiL3 mutant (red curve). Blue
arrowheads indicate timing of green light (500 nm) irradiations. The luminescence values were normalized to the
average baseline during the 60 seconds immediately preceding forskolin treatment (A) or irradiation (B).

doi:10.1371/journal.pone.0161215.9002
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increase of cAMP level in the cells expressing the zebrafish Opn3 mutants (Fig 2B). The results
suggest that zebrafish Opn3 may serve as a G protein-coupled photopigment, although the G
protein that Opn3 couples remains unknown.

We also constructed and analyzed similar chimeric mutants of the other Opn3s for which
we were unable to measure absorption spectra. Although we could not observe any obvious
light-dependent increases in cAMP in cells expressing the mouse and human Opn3-JiL3
mutants, probably due to their low expression level, we observed clear light-dependent
responses in the cultured cells expressing the pufferfish, chicken, and anole Opn3 mutants (Fig
3), suggesting that avian and reptilian Opn3s might also serve as a light-sensing proteins, simi-
lar to the teleost Opn3s. At the same time, the light-dependent cAMP response observed with
these Opn3s prompted us to attempt estimation of their absorption spectra by measuring
wavelength-dependent changes in intracellular cAMP.

Spectral sensitivities of Opn3-based pigments based on wavelength-
dependent intracellular responses

To estimate the spectral sensitivities of the Opn3-based pigments, we used the GloSensor
cAMP-dependent luciferase reporter assay to compare and quantify the relative wavelength-
dependent responses of cells expressing the Opn3-JiL3 mutants. We first determined the rela-
tive responses at five different wavelengths (410, 430, 470, 510 and 540 nm) for each Opn3-Ji-
L3-expressing cells by quantifying the wavelength-dependent change in intracellular cAAMP in
the cultured cells upon irradiation with light stimuli of different wavelength composition but
equal quantal intensity (Fig 4A and 4B). We then generated a dose-response (light intensity-
response) curve for each Opn3-JiL3-expressing cells by quantifying responses to a single stimu-
lus (500 nm) at varying light intensities (Fig 4C). We used the dose-response curves to calculate
relative sensitivities at the different wavelength and fit this relative sensitivity data with the rho-
dopsin template (nomogram curve) to estimate a spectral sensitivity curve [38]. The residual
sum of squares was calculated as a function of Amax of nomogram curves (54 Fig), and the
minimum value of residual sum of squares for each Opn3-JiL3 indicates the goodness of fit
between the estimated sensitivity curve and sensitivities obtained in the experiments (5S4 Fig).

The spectral sensitivity curve that we calculated for the zebrafish Opn3-JiL3-expressing cells
accurately reproduced the absorption spectra curve that we measured for zebrafish Opn3 WT
(Fig 5A). The calculated curve matched the absorption spectrum of zebrafish Opn3 well at
wavelengths > 470 nm and the wavelengths of the calculated maximum sensitivity (~470 nm)
are almost identical to measured absorption maximum (Fig 1). These results show that replace-
ment of the third intracellular loop of opsins (Opn3-JiL3 mutants) can switch the G protein
signaling properties, in this case producing a pigment that appears to activate Gs, to generate
an intracellular cAAMP response while preserving the spectral properties of the WT pigment.
To further validate this approach, we tested similar chimeric mutants of the mosquito Opn3
homolog, spider visual opsin Rh1, bovine rhodopsin and native jellyfish opsin. For all opsins,
the spectral sensitivity curves predicted using this assay reflected measured spectral sensitivity
curves (S5 and S4D-S4G Figs). This gave us confidence that we could accurately estimate the
spectral sensitivity of the other vertebrate Opn3s using this method.

We successfully inferred the spectral sensitivity curves of pufferfish and chicken Opn3-JiL3
mutants (Fig 5B and 5C, S4B and S4C Fig). The spectral sensitivity curves of pufferfish and
chicken Opn3 indicated that these pigments have maximum sensitivities at ~470 nm, showing
that both pufferfish and chicken Opn3 form blue-sensitive pigment. Unfortunately, we were
unable to generate a spectral sensitivity curve for the anole Opn3-JiL3 mutant because the
light-dependent responses of cells expressing the anole Opn3-JiL3 mutant were too small to
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Fig 3. Light-induced intracellular cAMP increases in HEK293 cells expressing Opn3-JiL3 mutants. (A) pufferfish Opn3-JiL3
mutant, (B) anole Opn3-JiL3 mutant, (C) chicken Opn3-JiL3 mutant, (D) mouse Opn3-JiL3 mutant, (E) human Opn3-JiL3 mutant, (F)
Mock (cells not transfected with opsins). Arrowheads indicate the timing of green light (500 nm) irradiations. The luminescence values
were normalized to the average baseline during the 60 seconds immediately preceding irradiations. Insets in B-F, higher magnified view

near zero level.

doi:10.1371/journal.pone.0161215.g003

reliably discriminate between the responses and baseline (Fig 3B). Likewise, we were unable to
estimate the spectral sensitivity of mouse and human Opn3s because we were unable to observe
a light-dependent cAMP response in cells expressing these Opn3-JiL3 mutants.

Discussion

In this report, we succeeded in obtaining an absorption spectrum of zebrafish Opn3 by spectro-

scopic analysis of the purified pigment (Fig 1) but failed to obtain the spectra for other
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Fig 4. The relative response and the dose-response (light intensity-response) curve of the zebrafish
Opn3-JiL3. (A) Response (change in relative luminescence) of cells expressing the zebrafish Opn3-JiL3
upon irradiation with quantally matched light stimuli of five distinct wavelengths (410 nm, 430 nm, 470 nm,
510 nm, and 540 nm). Arrowheads indicate the timing of light irradiation. (B) The relative response of cultured
cells expressing the zebrafish Opn3-JiL3. Mean relative responses (red circles) were normalized to the
largest mean response (mean response to the 470 nm light stimulus). (C) The dose-response (light intensity-
response) for cells expressing the zebrafish Opn3-JiL3 mutant. The intensity-response curve was obtained
by fitting a sigmoid function to mean relative responses (mean relative luminescence) to the 500 nm light
stimulus at five intensities spanning a 1000-fold range in intensity. The data are presented as the mean = s.e.
m.,N=3.

doi:10.1371/journal.pone.0161215.g004

vertebrate Opn3s, probably due to low expression level in cultured cells. We then performed a
Glosensor cAMP-dependent luciferase reporter assay to measure a light-dependent response
in cells expressing a zebrafish Opn3 mutant (an Opn3 in which the third intracellular loop was
replaced by that of the Gs-coupled jellyfish opsin, Fig 2) and used this assay to quantify the rel-
ative response of cells expressing the zebrafish Opn3-JiL3 mutant to estimate its spectral sensi-
tivity (Fig 4). The inferred spectral sensitivity curve closely matched the absorption spectrum
that we measured for the WT pigment (Fig 5). We then validated (S5 Fig) and used this assay
to demonstrate light-sensitivity in pufferfish, chicken and anole Opn3-JiL3 mutants (Fig 3)
and successfully inferred the spectral sensitivity of pufferfish and chicken Opn3s (Fig 5). The
results suggest that these vertebrate Opn3s form blue-sensitive pigments (Figs 1 and 5).

Although absorption spectrum of the purified chicken Opn3 was not obtained, we observed
a significant light-dependent spectral change by calculating the difference spectrum-the differ-
ence in absorbance of the crude extract from chicken Opn3-expressing cultured cells before
and after irradiation under alkaline conditions (S6 Fig). It has been reported that irradiation of
invertebrate rhodopsins and melanopsin in alkaline conditions (pH 10-11) resulted in
bleached photoproducts with deprotonated retinylidene Schiff bases. As a result, the absor-
bance maximum predicted by the difference spectrum under the alkaline conditions is consid-
ered to be identical to that of the purified pigment [39]. Here, we showed that the absorbance
maximum predicted from the difference spectrum of the zebrafish Opn3 (~470nm) is almost
identical to that of the purified zebrafish Opn3 (S6A Fig). Absorption maximum of chicken
Opn3 determined from the difference spectra was ~470 nm, which is almost identical to the
maximum sensitivity determined using the GloSensor spectral sensitivity assay. Therefore,
although the GloSensor measurements at 470 nm had a large standard error, the difference
spectrum supports the inferred relative sensitivity curve of chicken Opn3 and maximum sensi-
tivity at ~470 nm.

The dark absorption spectrum of zebrafish Opn3 is very similar to those of the teleost TMT
opsins, sister subgroup members of the vertebrate Opn3s [5, 26] (Fig 1). However, light-
induced cAMP changes (a decrease in cAMP), which results from activation of Gi-type pro-
teins and was previously observed in TMT opsin-expressing cells [5], was not observed in cells
expressing vertebrate wild-type Opn3 (Fig 2A, S3 Fig). On the other hand, the zebrafish Opn3
mutant, in which the third intracellular loop was replaced with that of jellyfish opsin, resulted
in light-dependent increases in cAMP, consistent with activation of Gs, in the cultured cells
(Fig 2B). In addition, other vertebrate Opn3-JiL3 mutants (pufferfish, chicken and anole) also
produced light-dependent increases in the cAMP level in cultured cells (Fig 3). These findings
suggested that the vertebrate Opn3s might activate a different G protein-mediated signal trans-
duction cascade(s) from TMT opsin even though they have similar spectral sensitivities (i.e.,
they both form blue-sensitive pigments). The difference in the photochemical properties of the
Opn3 and TMT opsin photoproducts could support this hypothesis. Therefore, it can be specu-
lated that the vertebrate Opn3 and TMT opsin might have diverged to use different signal
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Fig 5. The estimated spectral sensitivity curves of vertebrate Opn3-JiL3 mutants. (A) The spectral sensitivity
of zebrafish Opn3-JiL3 (red curve) and the measured absorption spectrum of WT zebrafish Opn3 (blue curve). (B)
The spectral sensitivity of pufferfish Opn3-JiL3. (C) The spectral sensitivity of chicken Opn3-JiL3. Red circles
represent the mean (n=3in A and B, n =9 in C) relative sensitivities (change in luminescence/cAMP) of cultured
cells expressing vertebrate Opn3-Ji L3 mutants at each wavelength of light. Error bars represent standard errors.
The Amax of the nomogram was determined for each Opn3 by finding the fit of the relative sensitivity data that
resulted in the minimum residual sum of squares, as shown in S4A-S4C Fig. It should be noted that the spectral
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sensitivity curve of chicken Opn3-JiL3 had a larger standard error at 470 nm than at other wavelengths probably
because responses were measured under strong light intensity conditions to obtain clear and reproducible
responses. Supplemental information about goodness of fit between the sensitivities experimentally obtained and
the fitting curves are shown in S4 Fig.

doi:10.1371/journal.pone.0161215.9g005

transduction cascades. The type(s) of G protein-mediated signal transduction that is activated
by vertebrate Opn3s remains an open and important question.

The spectral sensitivity curve of mammalian melanopsin was previously estimated by quan-
titative measurements of Ca>" elevation in melanopsin-expressing cultured cells [40]. Here, we
developed a method for analyzing the spectral sensitivity of opsins, based on quantification of
wavelength-dependent cAMP changes in cultured cells expressing opsin-JiL3 mutants. This
method is useful for diverse types of opsins, independent of the type of G protein activated by
the native pigment, and enables the determination of spectral sensitivity of pigments for which
absorption spectra cannot be obtained by spectroscopic analysis. In fact, we used this proce-
dure to accurately estimate the spectral sensitivity curve of zebrafish Opn3 as well as pufferfish
and chicken Opn3s, for which we were unable to obtain absorption spectra by spectroscopic
analysis of the purified pigments (Fig 5). We have also found that the procedure can be used to
accurately estimate spectral sensitivity curves of other opsin-based pigments with different
molecular properties, including a bistable pigments with the ability to photoregenerate (Gi/Go-
coupled mosquito Opn3 homolog [5] and Gq-coupled spider Rh1 [32]), a bleach-resistant pig-
ment with no obvious photoregeneration ability (Gs-coupled jellyfish opsin [10]) and a bleach-
ing pigment (Gt-coupled bovine rhodopsin) (S5 Fig). These observations suggest that the cell-
based spectral sensitivity assay described here, which enables reproducible, quantitative mea-
surements of wavelength-dependent changes in second messenger levels in cultured cells
expressing opsin-JiL3 chimeras, may be applicable to diverse types of opsins even if their native
properties are unknown and enables the investigation of spectral characteristics with physio-
logical relevance. Until now, thousands of opsin genes have been identified from a variety of
animal species but molecular properties, including spectral sensitivities, of a large number of
them remain undetermined due to the difficulty of obtaining purified pigments. By enabling
the investigation of molecular properties of opsins that had formerly been inaccessible, the cur-
rent method could facilitate not only the discovery of novel physiological roles of extra-ocular
opsins, but also novel spectral tuning mechanisms, and new optogenetic tools for regulating
GPCR-signaling.

Supporting Information

S1 Fig. Alignment of amino acid sequences of the third intracellular loops of opsin. Third
intracellular loops of opsins (black plane letters) were replaced with that of Gs-coupled jellyfish
opsin (red bold letter). The schematic drawing of chimeric mutants is also shown.

(PDF)

S2 Fig. Spectra of monochromatic lights. From left to right, spectra of 410 nm, 430 nm, 470
nm, 510 nm, 540nm, 580 nm, 600 nm and 630 nm monochromatic lights are shown.
(PDF)

S3 Fig. Light-induced intracellular cAMP decreases in HEK293 cells expressing wild type
vertebrate Opn3s. (A) pufferfish Opn3 (B) anole Opn3, (C) chicken Opn3, (D) mouse Opn3,
(E) human Opn3, (F) Mock (cells not transfected with opsins). Blue arrowheads and black
arrows indicate the timing of green light (500 nm) irradiations and forskolin treatments,
respectively. The luminescence values were normalized to the average baseline during the 60
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seconds immediately preceding irradiations.
(PDF)

S4 Fig. Goodness of fit between experimentally obtained sensitivities and rhodopsin nomo-
gram curves. Residual sum of squares as a function of Amax of various nomograms are shown
as an indication of goodness of fit between experimentally obtained sensitivities and the esti-
mated spectral sensitivity curves. (A) zebrafish Opn3-JiL3, (B) pufferfish Opn3-JiL3, (C)
chicken Opn3-JiL3, (D) mosquito Opn3-JiL3, (E) spider Rh1-JiL3, (F) jellyfish opsin, (G)
bovine rhodopsin-JiL3. The nomogram producing the smallest residual sum of squares value
was selected as the best fitting curve for each opsin pigments. Even in the case of mosquito
Opn3 (D), which had the largest residual sum of squares, the spectral sensitivity curve is still fit
to the absorption spectrum well (S5A Fig), indicating that this approach works well for estimat-
ing spectral sensitivity. Therefore, we are confident in the spectral sensitivity curve calculated
for chicken Opn3 in spite of the large standard error observed associated with the responses
measured at 470 nm (Fig 5C).

(PDF)

S5 Fig. Estimation of the spectral sensitivities of various opsin-based pigments. The spectral
sensitivity curves (red curves) of cells expressing mosquito Opn3-JiL3 mutant (A), spider
Rh1-JiL3 (B), jellyfish opsin WT (C), and bovine rhodopsin-JiL3 mutant (D) with absorption
spectra of the respective wild type pigments (blue curves). The spectral sensitivity curves were
estimated by fitting a rhodopsin nomogram to mean values of relative sensitivities. It should be
noted that these opsins possess different molecular properties of the photoproducts. The pho-
toproduct of mosquito Opn3 is stable, bleach-resistant and reverts to the original dark state
upon light absorption, showing the pigments bistable nature and ability to photoregenerate. In
contrast, the jellyfish opsin photoproduct is bleach-resistant but does not have the clear photo-
regeneration ability. The bovine rhodopsin photoproduct is unstable, releases its chromophore
and bleaches.

(PDF)

S6 Fig. Spectral changes of crude extract containing zebrafish Opn3 and chicken Opn3 dur-
ing irradiation in alkaline condition. Difference spectra of crude extracts from the cultured
cells expressing zebrafish Opn3 (A) and chicken Opn3 (B) at ~ pH 10. The difference absorp-
tion spectra were generated by subtracting values obtained before from after irradiation with
blue light for 4 min. It should be noted that the absorption maximum of difference spectra at
alkaline pH indicates an absorption maximum for the dark spectrum of an opsin-based pig-
ment when photoproduct has lower pKa value for Schiff base protonation than dark state, like
invertebrate rhodopsins and melanopsins [18].

(PDF)
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