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Abstract

Pineal organs of lower vertebrates contain several kinds of photosensitive molecules,
opsins that are suggested to be involved in different light-regulated physiological functions.
We previously reported that parapinopsin is an ultraviolet (UV)-sensitive opsin that under-
lies hyperpolarization of the pineal photoreceptor cells of lower vertebrates to achieve pineal
wavelength discrimination. Although, parapinopsin is phylogenetically close to vertebrate
visual opsins, it exhibits a property similar to invertebrate visual opsins and melanopsin: the
photoproduct of parapinopsin is stable and reverts to the original dark states, demonstrating
the nature of bistable pigments. Therefore, it is of evolutionary interest to identify a photo-
transduction cascade driven by parapinopsin and to compare it with that in vertebrate visual
cells. Here, we showed that parapinopsin is coupled to vertebrate visual G protein transdu-
cin in the pufferfish, zebrafish, and lamprey pineal organs. Biochemical analyses demon-
strated that parapinopsins activated transducin in vitro in a light-dependent manner, similar
to vertebrate visual opsins. Interestingly, transducin activation by parapinopsin was pro-
voked and terminated by UV- and subsequent orange-lights irradiations, respectively, due
to the bistable nature of parapinopsin, which could contribute to a wavelength-dependent
control of a second messenger level in the cell as a unique optogenetic tool. Immunohisto-
chemical examination revealed that parapinopsin was colocalized with Gt2 in the teleost,
which possesses rod and cone types of transducin, Gt1, and Gt2. On the other hand, in the
lamprey, which does not possess the Gt2 gene, in situ hybridization suggested that parapi-
nopsin-expressing photoreceptor cells contained Gt1 type transducin GtS, indicating that
lamprey parapinopsin may use GtS in place of Gt2. Because it is widely accepted that verte-
brate visual opsins having a bleaching nature have evolved from non-bleaching opsins simi-
lar to parapinopsin, these results implied that ancestral bistable opsins might acquire
coupling to the transducin-mediated cascade and achieve light-dependent hyperpolarizing
response of the photoreceptor cells.
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Introduction

In non-mammalian vertebrates, the pineal organs contain photoreceptor cells and receive light
utilized for non-visual functions. The pineal organs of lampreys and teleosts detect the ratio of
ultraviolet (UV) light to visible light; that is, they possess the ability of wavelength discrimina-
tion, similar to the pineal related organs, the frog frontal organ and lizard parietal eye [1-5].
We found that parapinopsin, which was originally identified in the catfish pineal and parapi-
neal organs [6], is a UV-sensitive pigment underlying the wavelength discrimination in the
lamprey pineal organ [7]. In addition, we identified the parapinopsin gene expression in the
pineal and related organs of various non-mammalian vertebrates [7-9].

Parapinopsin is similar in amino acid sequence to and phylogenetically close to vertebrate
visual opsins. However, our spectroscopic analysis showed that parapinopsin has a molecular
property different from that of vertebrate visual opsins and similar to that of invertebrate visual
opsins [7]. In general, opsins are converted to photoproducts in a light-dependent manner,
which activate G protein [10]. The photoproducts of vertebrate visual opsins are unstable,
release their chromophores, and consequently bleach. However, the photoproduct of parapi-
nopsin is stable, does not release its chromophore and reverts to the original dark state by sub-
sequent light-absorption, similar to invertebrate visual opsins and melanopsin, showing a
bistable nature [11-14]. Parapinopsin-expressing photoreceptor cells in the lamprey pineal
organ hyperpolarize to light [7], similar to vertebrate visual cells containing visual pigments.
The type of molecules that interact with parapinopsin, which has intermediate features of ver-
tebrate and invertebrate visual pigments [13] to transduce light information, requires
investigation.

We recently revealed that the lamprey parapinopsin binds to B-arrestin in a light-dependent
manner, in contrast to the vertebrate visual pigments, which bind to visual arrestins [15]. The
B-arrestin is known to bind to G protein-coupled receptors other than opsin-based pigments
[16], indicating that the arrestin-related shut-off mechanism for parapinopsin is different from
that of vertebrate visual opsins involving visual arrestins. However, interestingly, we immuno-
histochemically found that parapinopsin was colocalized with transducin in the lamprey pineal
photoreceptor cells [15], similar to vertebrate visual cells, rods and cones, suggesting that the
bistable pigment parapinopsin might activate the transducin-mediated phototransduction cas-
cade. We previously reported that parapinopsin activated Gi-type G protein in a light-depen-
dent manner [13,17]; however, it is unclear whether parapinopsin actually activates transducin,
which is classified into Gi-type G protein, in vitro.

Here we investigated G proteins coupling to parapinopsin, both biochemically and immu-
nohistochemically, in the teleost and lamprey pineal organs. We analyzed whether parapinop-
sin activated transducin in vitro and further investigated the effect of the bistable nature of
parapinopsin on G protein activation. Most vertebrates possess two kinds of transducins, Gt1
and Gt2, which are distributed in rods and cones, respectively, whereas the lamprey possesses a
unique transducin GtL, which is not clearly classified into Gt1 or Gt2 groups, in addition to
Gt1 type transducin, GtS [18]. Therefore, we immunohistochemically identified the kind of
transducin coupled with parapinopsin in teleost and lamprey pineal organs.

Materials and Methods
Animals

Pufferfish, Takifugu rubripes and river lampreys, Lethenteron camtschaticum were commer-
cially obtained. Zebrafish, Danio rerio, were obtained from the Zebrafish International
Resource Center (ZIRC).
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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.

Expression and Purification of Parapinopsin

The pigment expression in HEK293S cells and pigment purification was performed as
described previously [7]. Briefly, the cDNAs of pufferfish parapinopsin 1 (PP1, AB626964
(accession number in the DDBJ) [8]), zebrafish parapinopsinl (PP1, AB626966 [8]), and lam-
prey parapinopsin (AB116380 [7]) were tagged with the epitope sequence for the monoclonal
antibody rho 1D4 (ETSQVAPA). The tagged cDNA was inserted into the plasmid vector
pcDNA3.1 (Invitrogen). To reconstitute the pigment, the expressed proteins were incubated
with excess 11-cis retinal overnight. The pigments were then extracted with a detergent, 1%
dodecyl B-D-maltoside, in 50 mM HEPES buffer (pH 6.5) containing 140 mM NaCl (buffer A).
For purification, the pigments in the crude extract were bound to 1D4-agarose, washed with
0.02% dodecyl B-D-maltoside in buffer A (buffer B), and eluted with buffer B that contained
the 1D4 peptide. For the control experiment, the bovine rhodopsin was expressed and purified
by the same method.

G Protein Activation Assays

A radionucleotide filter binding assay, which measures GDP/guanosine 5'-3-O-(thio)triphos-
phate (GTPYS) exchange by G protein, was carried out at 20°C as described previously [19,20].
Briefly, purified parapinopsin was mixed with the assay mixture, which consisted of 50 mM
HEPES (pH 6.5), 140 mM NaCl, 8 mM MgCl,, 1 mM DTT, 1 uM [**S]GTPYS, and 4 uM GDP.
The mixed samples were irradiated or stored in the dark and immediately mixed with transdu-
cin purified from bovine retinas as previously described [19]. UV light (UTVAF-50S-
36U-HEAT; Sigma Koki) and/or orange light (O53 cutoff filter; Toshiba) were used for light
irradiation. The bovine rhodopsin was irradiated with >520 nm light (Y52 cutoff filter;
Toshiba).

Isolation of cDNAs

Total RNAs from the pineal organs, retinas, and brains of the pufferfish and the retinas of the
lamprey were extracted using Sepasol(R)-RNA I (Nacalai Tesque) and were reverse-transcribed
to cDNA using an oligo (dT) primer and Superscript III (Invitrogen). The cDNAs were used as
a template for PCR amplification. The DNA sequences of seven types of the pufferfish Gi-type
G proteins alpha subunits, Gai-1-1, Gai-1-2, Gai-2-1, Gai-2-2, Gai-3, Goo, and Goz, and rod
and cone transducin alpha subunits (Goitl and Gait2) were obtained by analyzing the database
of pufferfish. Further, partial cDNAs of these Go. proteins were then isolated from the puffer-
fish retina, pineal, and brain by PCR amplification with gene specific primers designed using
the databases. Partial cDNAs of the transducin alpha subunits (GoitS and GotL) were isolated
from the lamprey retina cDNA by PCR amplification with gene specific primers, designed
according to the genome sequences of the sea lamprey Petromyzon marinus transducins [18].
The sequences reported in this paper have been deposited in the DDB]J database [accession
nos. LC062624 (GatS), LC062625 (GotL)].

Antibodies

Mouse polyclonal antibodies to the pufferfish Gi-type G proteins were generated against the
helical domain of nine types of the pufferfish Goi (119-120 amino acids), Gatl (Q54-R172),
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Goat2 (Q54-R172), Gai-1-1 (E58-R176), Gai-1-2 (E58-R176), Gai-2-1 (E58-R177), Goi-2-2
(E58-R177), Gai-3 (E58-R176), Goo (E58-R177), and Goz (S58-R177), using the pMAL pro-
tein fusion and purification system (New England Biolabs) [21]. The rabbit anti-Goq poly-
clonal antibody was a gift from Dr. Tatsuo Suzuki [22], and the mouse anti-Gat monoclonal
antibody (TF15; CytoSignal) and the rabbit anti-Gas polyclonal antibody (K-20; Santa Cruz
Biotechnology) were commercially obtained. In addition, the rabbit anti-parapinopsin poly-
clonal antibodies of pufferfish and zebrafish were generated against the C-terminal regions of
parapinopsins (PP1) [8]. The rabbit anti-parapinopsin polyclonal antibody of lamprey was
used as in our previous report [21].

The specific immunoreactivity of each antibody was examined by immunoblot analysis.
The cDNAs encoding the helical domain of the pufferfish Gatl and Gat2 were inserted into
the expression vector pQE40 (Qiagen), and the Goitl and Got2 fragments tagged by 6 x His
were expressed in Escherichia coli and purified by the ProBond Purification System (Life Tech-
nologies). Proteins were separated by SDS-PAGE, transferred onto a PVDF membrane, and
incubated with antibodies to the pufferfish Gt1 and Gt2 (diluted 1:500). Immunoreactivity was
detected using VECTASTAIN ABC Kit (Vector Laboratories).

Immunohistochemistry

Eyes and pineal organs, to which a small piece of adjacent tissue was attached, were isolated
from the animals. The samples were fixed in 4% paraformaldehyde in 0.1 M sodium phosphate
buffer (PB, pH 7.4) at 4°C overnight. Each organ was cryoprotected by immersion in 0.1 M PB
containing 15% and 30% sucrose, embedded in OCT compound (Sakura), and sectioned at

20 um on a cryostat (HM 520; Microm International GmbH).

Immunohistochemical analyses were conducted as previously described [21]. Briefly, tissue
sections were incubated with the primary antibodies (diluted 1:500) and subsequently incu-
bated with Alexa Fluor 488- or Alexa Fluor 594-conjugated anti-mouse or anti-rabbit IgG
(diluted 1:500; Invitrogen) for immunofluorescent detection. We examined the stained sections
under a fluorescence microscope (Leica DM6000 B; Leica Microsystems).

In situ Hybridization

Digoxigenin-labeled antisense RNA probes for the lamprey transducins (GtS and GtL) and
lamprey parapinopsin were synthesized using the DIG RNA labeling kit (Roche Applied Sci-
ence), as previously reported [23]. Briefly, the sections were pretreated with proteinase K and
hybridized with the antisense RNA probe diluted in Ultrahyb-Ultrasensitive Hybridization
Buffer (Ambion) at 68°C overnight. The probe on the sections was detected using alkaline
phosphatase-conjugated anti-digoxigenin (Roche Applied Science), followed by a blue
5-bromo-4-chloro-3-indolyl phosphate nitroblue tetrazolium color reaction.

GloSensor Assay

The changes in the intracellular cAMP concentration of the pigment-expressing HEK293S
cells were measured using the GloSensor cAMP assay (Promega) as previously described [24].
The expression constructs for the parapinopsin were cotransfected with the pGloSensor-22F
cAMP plasmid (Promega). The transfected cells were incubated overnight in the culture
medium containing 10% fetal bovine serum (FBS) with 11-cis retinal. Prior to the measure-
ments, the culture medium was replaced with a CO,-independent medium containing 10%
FBS and 2% GloSensor cAMP Reagent (Promega). After equilibration with the medium and a
steady basal signal was obtained, the cells were treated with 3.5 uM forskolin, a direct activator
of adenylyl cyclase, to increase the intracellular cAMP level. Luminescence, representing the
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amount of cAMP, was measured at 25°C using a GloMax 20/20n Luminometer (Promega). To
measure the light-induced change in the cAMP level in the transfected cells, irradiation with
UV and green LED light was applied for 5 sec. UV and green LEDs have an emission maximum
at approximately 400 nm and 500 nm, respectively. For measuring the dark-incubated samples,
the cells were stored in the dark before the measurements.

Results and Discussion

We previously reported that parapinopsin was immunohistochemically colocalized with trans-
ducin in the lamprey pineal photoreceptor cells [15]. First, we examined whether parapinopsin
activated transducin in vitro using purified pufferfish, zebrafish, and lamprey parapinopsins.
We used purified transducin from bovine retinas, because the amino acid sequence of transdu-
cin C-terminal region, which is bound to rhodopsin, is highly conserved among varied verte-
brate transducins [25]. Teleost and lamprey parapinopsins activated transducin after the
absorption of UV light, whereas parapinopsin stored in the dark (unirradiated parapinopsin)
did not exhibit remarkable transducin activation ability (Fig 1), suggesting that parapinopsin
activates transducin in a light-dependent manner in the pineal organ. Interestingly, after addi-
tional orange light irradiation following UV-light irradiation, parapinopsin did not remarkably
activate transducin (Fig 1 inset), which is consistent with the previous spectroscopic observa-
tion that the photoproduct of parapinopsin completely reverts to the original dark state by
orange light irradiation, showing the bistable nature or the photoregeneration ability [7]. In
this experimental condition, a ~50-fold amount of parapinopsins was required to obtain trans-
ducin activation efficiency similar to that of bovine rhodopsin. The difference is consistent
with our previous report that lamprey parapinopsin as well as bovine rhodopsin can activate
Gi-type G protein in in vitro experiment, but the activation efficiency of lamprey parapinopsin
is lower (1/20-1/50) than that of bovine rhodopsin [13,17].

Our previous immunohistochemical study strongly suggested that parapinopsin was coloca-
lized with transducin in the pineal photoreceptor cells of the lamprey [15]. Various vertebrates
contain two types of transducin, Gtl and Gt2, whereas the lamprey contains the unique trans-
ducin GtL, in addition to the Gtl type transducin GtS [18]. Therefore, we investigated the
types of transducins that were co-expressed with parapinopsin in teleost and lamprey pineal
organs.

First, we examined transducin in the pufferfish pineal photoreceptor cells. We generated the
specific antibodies to pufferfish Gt1 and Gt2, which specifically stained Gt1 and Gt2 peptides,
respectively (S1 Fig), and immunolabeled rod and cone cells in the retina, respectively (Fig 2A
and 2B). Immunohistochemical investigation with the antibodies revealed that both Gtl and
Gt2 were distributed in the pineal organs (Fig 2C and 2D). Double immunostaining with anti-
bodies to Gt1 and Gt2 showed that Gt2-immunoreactivity was observed in the parapinopsin
containing photoreceptor cells of the pufferfish pineal organ (Fig 3D-3F); however, Gtl-im-
munoreactivity was not observed (Fig 3A-3C), indicating that parapinopsin is colocalized with
Gt2, but not Gtl, in the pineal photoreceptor cells. We further assessed whether the pineal pho-
toreceptor cells contained a high amount of G protein other than transducin. However, we did
not detect clear immunoreactivity of Gs, Gq, or Gis (Gi-1-1, Gi-1-2, Gi2-1, Gi2-2, Gi3, Go, or
Gz) other than transducin in the pineal organ (S2 Fig). These results suggest that parapinopsin
potentially activates Gi [13,17] in addition to Gt (Fig 1) in vitro but couples with Gt2-type
transducin in the pufferfish pineal organ.

Furthermore, we investigated whether parapinopsin was colocalized with Gt2 in the zebra-
fish pineal organ. We confirmed that the antibodies against Gt1 and Gt2 of pufferfish specifi-
cally immunostained rod and cone photoreceptor cells in the zebrafish retina, respectively (Fig
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Fig 1. Light-dependent activation of transducin by parapinopsins and bovine rhodopsin in vitro. Time
courses of the ability of pufferfish, zebrafish, and lamprey parapinopsins and bovine rhodopsin to activate
transducin in the dark (filled circles) and after light irradiation (open circles). The transducin activation ability
of parapinopsin was measured after irradiation of parapinopsin with ultraviolet (UV) light for 30 s, followed by
incubation for 30 s at 20°C for the indicated times. In addition, the bovine rhodopsin that was irradiated with
>520 nm light was applied to the same assay. Note that purified parapinopsins (final concentration of 75 nM)
or purified bovine rhodopsin (final concentration of 1.5 nM) was used for the assay. (Inset) The transducin
activation rates of parapinopsins were compared in the dark (D), after UV-light irradiation (UV) and after
additional orange light (>530 nm light) irradiation following UV-light irradiation (UV—0O). Data were expressed
as means of three separate experiments with standard errors.

doi:10.1371/journal.pone.0141280.g001

4A and 4B). Further, we investigated the distributions of both Gt1 and Gt2 in the zebrafish
pineal organ with the antibodies (Fig 4C and 4F). Parapinopsin was colocalized with Gt2 (Fig
4F-4H), but not with Gtl (Fig 4C—4E), in the zebrafish pineal organ. These results suggest that
parapinopsin is coupled to Gt2 in the teleost pineal organ. On the other hand, immunoreactiv-
ity to Gt1 was observed in the exorhodopsin-containing photoreceptor cells (S3 Fig).

Further, we analyzed the localization of the two types of transducins in the lamprey pineal
organ using in situ hybridization, which can distinguish between GtS and GtL. GtS was
expressed in both dorsal and ventral photoreceptor cells of the lamprey pineal organ (Fig 5A),
whereas GtL was not detected (Fig 5B), suggesting that lamprey parapinopsin in the dorsal
photoreceptors (Fig 5C) is colocalized with and coupled to GtS (Fig 5).
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@’PLOS ‘ ONE

Transducin Activation by Bistable Pigment Parapinopsin

ROS

cos|f

Gt2

{

L O ) Pedlll
‘t .,", ! I////t’l‘/’ ’/

Fig 2. Immunoreactivity of transducins in the pufferfish retina and pineal organ. (A, B) The antibodies
against Gt1 (A) and Gt2 (B) specifically stain the outer segments of rod (ROS) and cone (COS) photoreceptor
cells, respectively. (C, D) Immunoreactivities of antibody to Gt1 (C) and Gt2 (D) are observed in the pineal
organ. Scale bars =50 pm.

doi:10.1371/journal.pone.0141280.g002

Our immunohistochemical study indicated that parapinopsin and exorhodopsin, which is
close to rhodopsin [26], are colocalized with different types of transducins, Gt2 and Gtl,
respectively in the teleost pineal organ (Figs 3 and 4, S3 Fig). The different usage of Gt2 and
Gtl for parapinopsin and exorhodopsin in the teleost pineal organ is similar to that for cone
opsins and rhodopsin in the retina, although the physiological implications are unclear. How-
ever, in the lamprey pineal organ, in situ hybridization suggested that parapinopsin and rho-
dopsin were coupled to the same transducin GtS in the dorsal and ventral regions (Fig 5),
which are involved in wavelength discrimination and sensing light intensity, respectively
[21,27]. Muradov et al. (2008) have reported that two types of transducins in the lamprey, GtS
and GtL, were expressed in the retinal photoreceptor cells containing rhodopsin and red-sensi-
tive opsin, respectively. GtS is classified into the Gt1 group; however, GtL cannot be clearly
classified into either the Gtl or Gt2 subgroup. The lamprey parapinopsin may employ GtS in
place of Gt2 because of a lack of Gt2-type transducin in the lamprey genome. A difference in
the signaling property between Gt2 and GtS in the pineal photoreceptors should be investi-
gated in the near future.

Several types of vertebrate non-visual pigments, e. g., pinopsin, VA/VAL opsin, and parie-
topsin have been investigated for their activating G proteins. Furthermore, it was reported that
a pineal pigment, pinopsin, was coupled to transducin [28]. VA/VAL opsin exhibited the sig-
nificant activation of transducin and Gi-type G protein [29,30], although the type of G proteins
that VA/VAL opsin is colocalized with is unclear. It has been reported that parietopsin, first
identified in the parietal eye, is colocalized with and coupled to Go-type G protein in the

PLOS ONE | DOI:10.1371/journal.pone.0141280 October 22, 2015 7/13
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Fig 3. Imnmunohistochemical localization of parapinopsin and transducins in the pufferfish pineal organ. Parapinopsin (A, green) and Gt1 (B,
magenta) are not colocalized (merged image in panel C), whereas parapinopsin (D, green) and Gt2 (E, magenta) are colocalized (merged image in panel F).
The arrowheads show the parapinopsin immunoreactivity in the pineal organ. Scale bars = 20 ym. Low magnification images of the pufferfish pineal organ
(white dotted traces) are shown in insets.

doi:10.1371/journal.pone.0141280.9003
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Fig 4. Imnmunohistochemical localization of transducins in the zebrafish pineal organ. (A, B) The antibodies against Gt1 (A) and Gt2 (B)
immunostained the outer segments of rod (ROS) and cone (COS) photoreceptor cells, respectively. (C—E) Parapinopsin (C, green) and Gt1 (D, magenta) are
not colocalized (merged image in panel E, arrowhead). (F-H) Parapinopsin (F, green) and Gt2 (G, magenta) are colocalized (merged image in panel H). The
arrowheads show the parapinopsin immunoreactivity in the pineal organ. Scale bars =20 ym.

doi:10.1371/journal.pone.0141280.g004
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Fig 5. Localization of transducins in the lamprey pineal organ. (A, B) In situ hybridizations with the
antisense probes of GtS and GtL show that GtS is expressed in the photoreceptor cells of the dorsal and
ventral regions (A), but GtL is not detected (B). (C) In situ hybridization with the parapinopsin antisense probe
shows that parapinopsin is expressed in the photoreceptor cells of the dorsal region. (D) Parapinopsin
immunoreactivity (magenta) is localized in the dorsal region of the lamprey pineal organ. (E) Transducin
immunoreactivity (green) is distributed in both the dorsal and ventral regions using anti-rod/cone transducin
antibody TF15. (F) Parapinopsin and transducin are colocalized in the dorsal photoreceptor cells (white in
merged image). Scale bars = 50 pm.

doi:10.1371/journal.pone.0141280.g005

photoreceptor cells of the lizard parietal eye [31]. It was reported that pinopsin, VA/VAL, and
parietopsin are “bleaching pigments,” but not bistable pigments, although they are phylogenet-
ically close to parapinopsin [30,32,33]. To the best of our knowledge, this is the first report of a
bistable pigment that is colocalized with and activates transducin.

Recently, transducin-coupled opsins, such as bovine rhodopsin, human cone visual pig-
ments, and their mutant opsins, have been used for light-dependent manipulation of targeted
cells as an optogenetic tool [34-36]. Our in vitro experiment showed that UV and orange lights
activate and deactivate parapinopsin, respectively (Fig 1), suggesting that different colors of
light may control the cell response using parapinopsin as an optogenetic tool. Therefore, we
further investigated the effect of the bistable nature of parapinopsin on the second messenger,
cAMP change in the living cells, and compared its change with that in the case of UV-sensitive
vertebrate visual pigment, which shares common molecular properties, UV-sensitivity, and
transducin/Gi activation ability in vitro [13,19]. Interestingly, UV-light irradiation caused a
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Fig 6. Light-induced cAMP concentration changes in HEK293 cells expressing lamprey parapinopsin
or goldfish UV cone visual opsin. Ultraviolet- (UV) light-induced decrease in luminescence signals, which
represent the cCAMP level, is observed in the lamprey parapinopsin-expressing (A) and the goldfish UV cone
visual opsin-expressing (B) HEK293S cells. However, a green light-induced increase (recovery) of cAMP
level is found in the lamprey parapinopsin-expressing (A) but not in the goldfish UV cone visual opsin-
expressing (B) HEK293S cells. The arrows and vertical lines indicate forskolin treatments and UV and green
light irradiations, respectively.

doi:10.1371/journal.pone.0141280.9g006

decrease of cAMP level, which was pre-increased by the addition of forskolin, and subsequent
green light irradiation resulted in recovery (increase) of cAMP level in the cultured cells express-
ing parapinopsin (Fig 6A). UV and green light irradiations repeatedly down- and up-regulated
intracellular cAMP level, reflecting activation and deactivation of parapinopsin by UV and green
light irradiations, respectively [7]. However, rapid recovery of the cAMP level by green light irra-
diation could not be observed in the cells expressing UV-sensitive goldfish visual pigment (Fig
6B). These findings indicate a possibility that the bistable nature of parapinopsin could contribute
to wavelength-dependent manipulation of cell activities as a unique optogenetic tool [37].

It is of interest to discuss acquisition of transducin-coupled visual and non-visual opsins
during the course of their evolution. It was suggested that vertebrate visual pigments character-
ized by a bleaching nature and transducin-coupling ability had evolved from an ancestral pig-
ment characterized by a bistable nature [13]. We have previously reported that Opn3
homologues, which are clearly distinguished from, but phylogenetically close to, both
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vertebrate non-visual and visual pigments, are the bistable pigments and activate Gi-type and
Go-type G proteins but not transducin in vitro [24]. Our finding that a bistable non-visual pig-
ment parapinopsin is coupled to transducin suggests that an ancestral bistable pigment similar
to parapinopsin had acquired an ability to be coupled to transducin, and then acquired a
bleaching property during evolution. We have recently revealed that the lamprey parapinopsin
binds to B-arrestin in a light-dependent manner in the pineal photoreceptor cells to completely
shut off the stable photoproduct of parapinopsin, involving internalization of the photoprod-
uct. It can be speculated that parapinopsin is deactivated by B-arrestin because of its bistable
nature, unlike the combination of visual arrestin and visual pigment having a bleaching prop-
erty [15]. As described above, in a biochemical assay, a higher amount of pigments was
required for parapinopsin than for bovine rhodopsin to activate transducin, showing that
transducin activation ability is greater for bovine rhodopsin than for parapinopsin (Fig 1). This
observation can be explained by our previous idea that the bleaching property, which involves
a greater conformational change of opsin upon light absorption, contributed to an efficient
activation of G protein for higher sensitivity of vision [13,20]. It is hypothesized that an ances-
tor of visual pigments may have acquired the transducin-mediated signal transduction cascade
for hyperpolarization, and subsequently, the effective G protein activation ability with a bleach-
ing nature for higher visual sensitivity.

Supporting Information

S1 Fig. Immunoblot analyses showing the specificity of antibodies against Gt1 and Gt2.
Gtl (lanes 2, 4, and 6) or Gt2 (lanes 3, 5, and 7) peptide-containing Escherichia coli proteins
were applied to immunoblotting using antibodies against Gt1 and Gt2. Lanes 2 and 3 were
stained with Coomassie brilliant blue. Lanes 4 and 5 and lanes 6 and 7 were stained with anti-
bodies to Gtl and Gt2, respectively. The results demonstrate that the antibodies specifically
bind Gtl and Gt2. M indicates molecular weight standard markers (lane 1) (Bio-Rad Laborato-
ries).

(TIF)

S$2 Fig. Localization of G proteins in the pufferfish pineal organ.
(TIF)

$3 Fig. Immunohistochemical localization of exorhodopsin and rod transducin in the zeb-
rafish pineal organ.
(TIF)
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