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A ciliary opsin in the brain of a marine annelid zooplankton is
ultraviolet-sensitive, and the sensitivity is tuned by a single

amino acid residue
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Ciliary opsins were classically thought to function only in ver-
tebrates for vision, but they have also been identified recently in
invertebrates for non-visual photoreception. Larvae of the anne-
lid Platynereis dumerilii are used as a zooplankton model, and
this zooplankton species possesses a “vertebrate-type” ciliary
opsin (named c-opsin) in the brain. Platynereis c-opsin is sug-
gested to relay light signals for melatonin production and circa-
dian behaviors. Thus, the spectral and biochemical characteris-
tics of this c-opsin would be directly related to non-visual
photoreception in this zooplankton model. Here we demon-
strate that the c-opsin can sense UV to activate intracellular
signaling cascades and that it can directly bind exogenous all-
trans-retinal. These results suggest that this c-opsin regulates
circadian signaling in a UV-dependent manner and that it does
not require a supply of 11-cis-retinal for photoreception. Avoid-
ance of damaging UV irradiation is a major cause of large-scale
daily zooplankton movement, and the observed capability of the
c-opsin to transmit UV signals and bind all-trans-retinal is ide-
ally suited for sensing UV radiation in the brain, which presum-
ably lacks enzymes producing 11-cis-retinal. Mutagenesis anal-
yses indicated that a unique amino acid residue (Lys-94) is
responsible for c-opsin—-mediated UV sensing in the Platynereis
brain. We therefore propose that acquisition of the lysine resi-
due in the c-opsin would be a critical event in the evolution of
Platynereis to enable detection of ambient UV light. In sum-
mary, our findings indicate that the c-opsin possesses spectral
and biochemical properties suitable for UV sensing by the zoo-
plankton model.

Most animals possess visual and non-visual photoreceptive
functions. Vision is primarily mediated by visual photoreceptor
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cells in the eyes. The eyes of vertebrates (deuterostomes) and
invertebrates (protostomes) typically possess ciliary and rhab-
domeric photoreceptor cells, respectively (1, 2), with some
exceptions (3). Thus, vertebrate and invertebrate visual pig-
ments, which function as photoreceptive proteins in visual pho-
toreceptor cells, are called ciliary and rhabdomeric opsins,
respectively. Ciliary and rhabdomeric opsins are classified into
different groups in the opsin family (Fig. 14) and coupled with
different G proteins (2, 4). However, recent studies have
revealed that vertebrates possess rhabdomeric opsins, and
invertebrates have ciliary opsins for non-visual photoreception.
For example, mammals, including humans, possess a rhab-
domeric opsin named melanopsin (Opn4), a ciliary opsin,
Opn3, as well as visual pigments and another non-visual opsin,
Opn5 (neuropsin) (4). Melanopsin is expressed in some por-
tions of retinal ganglion cells in mammals, and light input via
melanopsin plays important roles in circadian clock photoen-
trainment and pupil constriction (5, 6). We reported recently
that mammalian melanopsins possess molecular properties rel-
evant to their non-visual functions (7). On the other hand,
many invertebrates possess ciliary opsins, some of which are
expressed in the brain (8, 9). This fact suggests that they are
involved in some non-visual photoreception and have charac-
teristics suitable for their physiological functions. These ciliary
opsins in invertebrates, along with vertebrate Opn3s and its
homologs, can be classified into the group “Opn3 homolog” in
the opsin family (Fig. 14) (10).

Opn3 was originally found as encephalopsin (or panopsin) in
the mammalian brain (11, 12). Subsequent studies have found
Opn3 homologs in other vertebrates (deuterostomes) (13—15)
and invertebrates (protostomes) (8 —10, 16). These Opn3 ho-
mologs are divided into various subgroups in the ciliary opsin
group (Fig. 1A). For example, TMT opsin was found in a wide
variety of tissues of non-mammalian vertebrates (13—15). Pterop-
sin was identified in the brain of the honeybee and subsequently
found in other ecdysozoans (9, 10, 16, 17). In particular, a ciliary
opsin (hereafter called c-opsin) in the marine ragworm Platynereis
dumerilii (Polychaeta, Annelida, Lophotrochozoa) has been
extensively studied, and its expression pattern (8) and physiologi-
cal roles (18) are well understood.

The larvae of Platynereis possess ciliary photoreceptor cells
in the brain, and c-opsin expression is localized to the cells (8).
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Figure 1. Characterization of Platynereis c-opsin. A, molecular phylogenetic relationship between Platynereis c-opsin and other ciliary and rhabdomeric
opsins. The phylogenetic tree was constructed by the neighbor-joining method using MEGAG6 software (76). The groups and subgroups in the opsin family are
indicated. UV-sensitive opsins are highlighted in boldface. The bootstrap probabilities are indicated at each branch node, and a scale bar (0.2 substitutions per
site) is also shown. B, absorption spectra of purified Platynereis c-opsin. Spectra in the dark (black), after UV illumination (red), and after subsequent yellow light
(>480 nm) illumination (blue) are shown. The black and blue spectra are almost superimposed. In the dark, the A ., value is 383 nm in the UV-A region. Inset,
absorption spectrum of Platynereis c-opsin in the dark in a wider wavelength range. C, HPLC analyses of the retinal configurations in purified Platynereis c-opsin.
Chromatographs of the opsin in the dark (black), after UV light illumination (red), and after subsequent yellow light (>480 nm) illumination (blue) are shown.
Peaks labeled 77 and AT indicate the 11-cis and all-trans isomers, respectively. Syn and Anti indicate respective isomers of the retinal oxime. D, photoresponses
of a Xenopus oocyte expressing Platynereis c-opsin WT as well as GIRK1/GIRK2. Representative voltage clamp current recording data of an oocyte expressing
Platynereis c-opsin with GIRK1/GIRK2 in the dark (black), after UV light illumination (red), and after subsequent yellow light (>480 nm) illumination (blue) are
shown. Clamped voltage values are schematically indicated (see “Experimental Procedures”). E, Changes in the inward current upon light illumination. Current
amplitudes recorded from the oocyte at —100 mV (red) and 40 mV (blue) as a function of time are shown. E-G, UV (violet bar) and yellow (>480 nm, orange bar)
lightillumination are indicated, and the black bar indicates that the oocyte was kept in the dark. The UV-dependent increase in inward currentat —100 mV and
little change at 40 mV indicate that the inward current through an inwardly rectifying potassium channel, GIRK1/GIRK2, was successfully measured. F,
photoresponses of an oocyte injected with only GIRK1/GIRK2 (without c-opsin). Current amplitude at —100 mV recorded from the oocyte as a function of time
is shown.The oocyte was incubated with 11-cis-retinal before measurement and illuminated with yellow (>480 nm) or UV light. G, decay of UV-induced current
in light-dependent and light-independent manners. Current amplitude at —100 mV from a Xenopus oocyte expressing Platynereis c-opsin is plotted. Note that,
after termination of UV illumination, the current was gradually reduced, and illumination with yellow light accelerated the current decay.

Further, the brain photoreceptor cells are involved in mela- zooplankton receive ambient UV signals. For example, Platy-
tonin production controlling circadian swimming behavior ruereis larvae possess several types of eyes responsible for pho-
(18). Platynereis larvae live as zooplankton and have been stud-  totaxis, but the UV sensitivity of these eyes is low (19, 26). Thus,
ied as azooplankton model (18, 19). Many zooplankton species,  molecule(s) capable of sensing UV signals should exist outside
including polychaetes, show synchronized 2Circadian move-  of the eyes. As mentioned above, Platynereis c-opsin in the
ment,. named d1el. vertlcal. migration (DVM) » moving down-  brain is a suitable candidate molecule for receiving and trans-
war d in water durm.g dayFlme and upward. at night .(20 =22).In pitting UV signals for circadian behavior. However, Opn3 ho-
this context, a relatlon.shlp between the ciliary brain photore- mologs in chickens, fish, and mosquitos have been reported to
ceptor cells and D VM is suggested (1?%’ 23). sense visible light (10, 15, 27, 28), not UV light. In this study, we
) Because D VM 1S 1mpor tant to avoid UV.damage fr oM SUN”  yimed to elucidate the spectral and biochemical properties of
light and predation by fish (24, 25), detection of ambient UV ) . . .
A . . ; | Platynereis c-opsin and found that the opsin can transmit UV
signals is essential for the physiology and ecology of Platynereis . . . .
.o signals and directly bind exogenous all-trans-retinal. Muta-
larvae and other zooplankton. Nevertheless, it is unclear how . ; . . )
tional analyses revealed that a single amino acid residue, Lys-94,
; - ] i . underlies the two molecular properties. We discuss the rela-
The abbreviations used are: DVM, diel vertical migration; DDM, dodecyl

maltoside; mW, milliwatt; GIRK, G protein-coupled inwardly rectifying tionship between molecular properties of the Cihary opsin and
potassium channel. non-visual photoreception in Platynereis.
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Results
UV sensitivity and bistability of Platynereis c-opsin

Full-length Platynereis c-opsin with the 1D4 tag on its C ter-
minus was expressed in cultured COS-1 cells, mixed with
11-cis-retinal, and purified by immunoaffinity chromatography
(see supplemental Fig. S1 and “Experimental Procedures”). The
absorption spectrum of the purified Platynereis c-opsin showed
an absorption maximum (A,,,,,) at 383 nm in the UV-A region
(Fig. 1B). We also confirmed that the covalent bond with retinal
(the Schiff base linkage) is formed in the opsin using acid dena-
turing of the pigment (supplemental Fig. S2A). After irradiation
with UV light, the spectrum showed two peaks in the UV-A
(~390 nm) and visible (~490 nm) regions (Fig. 18). HPLC anal-
yses of retinal isomers extracted from Platynereis c-opsin in the
dark or after UV irradiation showed that the retinal chro-
mophore was isomerized from the 11-cis to the all-trans form
(Fig. 1C). llumination of the photoproduct with yellow (visible)
light (>480 nm) completely brought the retinal isomer back to
its original 11-cis-retinal chromophore, with its spectrum indi-
cating the 383 nm peak as the A ., (Fig. 1, B and C). Thus, the
photoproduct is in equilibrium between the UV-absorbing and
visible light-absorbing forms. These results clearly indicate that
the invertebrate ciliary opsin is a UV-sensitive and bistable
pigment.

Ability of Platynereis c-opsin to transmit UV signals to
intracellular signaling cascades

We next assessed the ability of Platynereis c-opsin to trans-
mit UV signals into cells. The c-opsin and G protein-coupled
inwardly rectifying potassium channel GIRK1/GIRK2 (Kir3.1/
Kir3.2) were heterologously co-expressed in Xenopus oocytes
because ciliary opsins have been reported to be G;,,,-coupled (2,
10, 27), and GIRK1/GIRK2 is activated by Gy subunits
released from G;,, (29). Thus, coupling of receptors with G;,,
proteins has been investigated using this method (30-32). UV
light irradiation of an oocyte expressing Platynereis c-opsin and
GIRK1/GIRK2 caused an increase in inward current, and the
UV-induced current was shut off by subsequent yellow light
(>480 nm) illumination (Fig. 1, D and E). Such photoresponses
were not observed in an oocyte expressing GIRK1/GIRK2 only
(Fig. 1F), clearly indicating that the photocurrent is due to c-op-
sin. These results also indicate that the photoproduct with all-
trans-retinal (Fig. 1, B and C) is the active form to activate
endogenous G; , in the oocyte and that the inactive and active
forms are photo-interconvertible. It should be noted that, even
without yellow light illumination, termination of UV irradia-
tion caused gradual decay of the photocurrent, but the decay
was accelerated by yellow light illumination (Fig. 1G). Because
the photoproduct spectrum showed little changes at least for
1hat 25 °C (supplemental Fig. S2B), either thermal decay of the
active photoproduct or thermal reversion to the original (dark)
form would not occur during the electrophysiological measure-
ment (for ~6 min at room temperature, Fig. 1G). It is unknown
how the opsin is deactivated light-independently, but visible
light illumination, causing all-trans to 11-cis isomerization (Fig.
1C), more rapidly and efficiently shuts off the response. Taken
together, Platynereis c-opsin can transmit external UV signals
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Figure 2. Ability of Platynereis c-opsin to bind exogenous all-trans-reti-
nal directly. A, absorption spectra of purified WT Platynereis c-opsin that
were incubated with 11-cis (black), all-trans (red), 13-cis (green), or 9-cis (blue)
retinal. B, HPLC analyses determining retinal isomers actually bound to the
opsin proteins. Chromatographs of samples after incubation with 11-cis
(black), all-trans (red), 13-cis (green), or 9-cis (blue) retinal are shown. Peaks
labeled 11, AT, and 9 indicate the 11-cis, all-trans, and 9-cis isomers, respec-
tively. Syn and Antiindicate respective isomers of the retinal oxime. Note that
incubation with 13-cis-retinal resulted in all-trans-retinal binding to the opsin
proteins (green).

to intracellular signaling cascade(s) via UV-dependent G;,,
activation, and the signal transmission is shut off by visible light
that converts the activated form back to the inactive (dark)
form.

Ability to directly bind exogenous all-trans-retinal

Vertebrate visual pigments, classified as ciliary opsins (Fig.
1A), are also activated via cis-trans isomerization of the retinal
chromophore as Opn3 homologs, but they cannot directly bind
all-trans-retinal (33). In contrast, some (but not all) bistable
pigments (opsins) can bind exogenous all-trans-retinal (34—
37). Direct binding of all-trans-retinal would be particularly
important for opsins expressed outside of the eyes because
sophisticated multienzyme systems (“visual cycle”) producing a
thermally unstable 11-cis-retinal isomer probably exist specifi-
cally in eyes of vertebrates and invertebrates (2, 38). Because
Opn3 homologs are expressed in the brain of various animals,
including Platynereis (8, 9, 11-15, 39), direct binding of all-
trans-retinal would be important for the Opn3s, too. Thus, we
tested the retinal isomers that can directly bind Platynereis
c-opsin protein, although it is unknown how 11-cis-retinal is
synthesized and supplied in the animal.

COS-1 membranes expressing the c-opsin were incubated
with a 9-cis, 11-cis, 13-cis, or all-trans retinal isomer, and the
retinal-bound proteins were purified (Fig. 2A4). After incubation
with 9-cis-retinal, the absorption spectrum was slightly blue-
shifted from that of the 11-cis-retinal-bound form (Fig. 24).
Such a blueshift, upon binding of the 9-cis isomer compared
with the 11-cis-retinal- bound form, has been observed in var-
ious opsins (40—43). The absorption spectra of c-opsin after
incubation with 13-cis and all-trans retinals (Fig. 2, B and C)
were very similar to the spectrum of the photoproduct having
photo-isomerized all-trans-retinal (Fig. 1B). HPLC analyses of
retinal isomers in these samples clearly show that both prod-
ucts possess all-trans-retinal as a chromophore (Fig. 2B).
Because all-trans- and 13-cis-retinals are interconvertible via
thermal isomerization (10, 44), the c-opsin prefers to bind all-
trans-retinal rather than 13-cis-retinal. These results clearly
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Figure 3.Lys-94 is essential for UV (UV-A) reception and transmission by Platynereis c-opsin. A, amino acid sequence alignment of opsins around position
94 in the second transmembrane helix. Position 94 is highlighted in boldface, and positions 86, 89, and 90 are also indicated. Lys-94 in Platynereis c-opsin is
highlighted in red. UV-sensitive opsins are labeled UV. Lys-90 in Drosophila Rh3 can be regarded as Lys-89 because of a gap at the site. B, arrangement of

11-cis-retinal and position 94 in the second transmembrane helix. 11-cis-retinal
structure of bovine rhodopsin (Protein Data Bank code 1U19) (48) are shown. Lys-
spectra of the Platynereis c-opsin mutants K94T (C), K94A (D), K94S (E), K94V (F),

(vellow) and positions 94 as well as 86, 89, and 90 (red spheres) in the crystal
296, which forms the retinal Schiff base linkage, is also shown. C-J, absorption
K94D (G), K94E (H), K94H (/), and K94R (J). The A,,,., values of the mutants are

indicated. K-M, spectral changes of Platynereis c-opsin mutants K94T, K94A, and K94S upon light illumination. The absorption spectra of the Platynereis c-opsin
mutants K94T (K), K94A (L), and K94S (M) in the dark (black), after illumination with blue (440 nm) light (red), and after subsequent illumination with orange-red
(>580 nm) light (blue). N and O, photo-induced changes of current amplitudes at —100 mV from Xenopus oocytes expressing Platynereis c-opsin WT (N) or the
K94T mutant (O). lllumination with UV (violet bar) and yellow light (480 nm, orange bar) is indicated, and the black bar indicates that the oocytes were kept in
the dark. P, comparison of photo-induced currents by Platynereis c-opsin WT and the K94T mutant. Differences in current amplitudes at —100 mV before and

after light illumination are plotted. The error bars represent S.D. values (n = 9 fo
—100 mV from a Xenopus oocyte expressing the Platynereis c-opsin K94T mutan

indicate that Platynereis c-opsin can act as a photoreceptive
protein even without the supply of 11-cis-retinal (see “Discus-
sion”). Mosquito Opn3 (pteropsin) prefers to bind 13-cis-reti-
nal over the all-trans isomer (10). Thus, the preference of Opn3
homologs for retinal isomers varies between species.

Asingle lysine residue is responsible for UV-sensing ability

The spectral and biochemical data described above revealed
that Platynereis c-opsin is UV-sensitive and able to bind exog-
enous all-trans-retinal directly. In contrast, previous studies
using Opn3 homologs showed that they possess A, values in
the visible (blue to green) region (~460-500 nm) (10, 15, 27,
28), and mosquito Opn3 prefers to bind 13-cis-retinal rather
than the all-zrans isomer (10). These facts suggest that Platy-
nereis c-opsin possesses specific amino acid residues respon-
sible for UV reception and/or the binding of exogenous
all-trans-retinal.

In UV-sensitive visual pigments of vertebrates and inverte-
brates, amino acid residues near the retinal Schiff base are
responsible for UV sensitivity (45, 46). Based on the sequence
alignment of ciliary opsins and the crystal structures of bovine
rhodopsin (47-49), we compared amino acid residues near
the retinal Schiff base in Platynereis c-opsin and noticed a
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r WT and n = 5 for K94T). Q, photo-induced changes of current amplitude at
t. The oocyte is illuminated by yellow (>480 nm) light followed by UV light.

unique lysine residue at position 94 in the second transmem-
brane helix (Fig. 3, A and B). Because in other ciliary opsins, this
position is mainly occupied by Thr, Ser, Ala, or Val (Fig. 34), we
substituted Lys-94 in Platynereis c-opsin with these amino
acids. We also tested substitutions of Lys-94 with Asp, Glu, His,
or Arg, which possess a negative or positive charge in the side
chain. The mutants K94T, K94S, K94A, K94V, K94D, K94E,
and K94H showed A, values in the visible region (461-502
nm) (Fig. 3, C-I), whereas the K94R mutant retained UV sen-
sitivity (A, = 377 nm) (Fig. 3]). These results clearly indicate
that, in Platynereis c-opsin, the lysine residue at position 94 is
essential for UV reception. Also, the retained UV sensitivity in
the K94R mutant suggests that a positive charge in the side
chain of the amino acid residue at position 94 converts the
spectrum of Platynereis c-opsin to the UV-A region (see “Dis-
cussion”). In addition, the K94 T, K94S, and K94A mutants, all
of which were converted to “visible pigments”, formed stable
(visible) photoproducts that are partially converted back to the
original state by subsequent orange-red light illumination (Fig.
3, K—M), indicating that Lys-94 is not essential for photo-inter-
convertibility between the original (dark) state and the photo-
product. This result is consistent with the fact that mosquito
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Opn3, having Thr-94, and medaka and pufferfish TMT opsins,
having Ser-94, show photo-interconvertibility between the
dark state and the activated state by illumination with different
colors of light (10, 27).

To clarify the role of Lys-94 in cellular responses, we com-
pared light-induced inward currents in Xenopus oocytes
expressing Platynereis c-opsin WT or the K94T mutant with
GIRK1/GIRK2. In particular, we compared photoresponses
upon UV or visible light illumination. Oocytes expressing
Platynereis c-opsin W'T showed little response following visible
light illumination, but subsequent UV light illumination caused
an increase in the inward current (Fig. 3, N and P). In contrast,
oocytes expressing the K94T mutant showed a significant
increase in inward current with the initial visible light irradia-
tion (Fig. 3, O and P). In addition, oocytes expressing the K94T
mutant showed a small increase in inward current with initial
UV light illumination, with the response further increased by
subsequent visible light illumination (Fig. 3Q). These results
clearly indicate that visible light inactivates WT opsin (Figs. 1E
and 3N) but activates the K94T mutant (Fig. 3, O and P). This
difference is consistent with the dramatic redshift (from 383 to
491 nm for A,,,,) induced by K94 T substitution (Fig. 3C). Taken
together, the K94T mutation converted the ability to transmit
UV signals to the ability to transmit visible light signals. In other
words, Lys-94 is responsible for the ability of Platynereis c-op-
sin to receive and transmit UV signals.

Dual roles of Lys-94 in Platynereis c-opsin

Next we tested the K94 T mutant for its ability to bind retinal
isomers and found that, in contrast to the WT, the mutant
cannot directly bind exogenous all-trans-retinal. COS-1 mem-
branes expressing the K94T mutant were incubated with all-
trans-retinal or 13-cis-retinal as well as 11-cis or 9-cis isomers,
and the pigments were purified. As is the case for the WT (Fig.
2A), the purified K94T samples, after incubation with 9-cis-
retinal, showed a blue-shifted A, (478 nm) (Fig. 4D) com-
pared with the 11-cis-retinal-bound form (491 nm) (Fig. 4A).
In contrast, after incubation with all-trans-retinal or 13-cis-
retinal, the mutant showed no significant absorption in the vis-
ible or UV regions, except for protein absorbance at ~280 nm
(Fig. 4, Band C). These results clearly show that, unlike the WT,
the K94T mutant does not bind exogenous all-trans- or 13-cis-
retinal. This indicates that Lys-94 has dual functions of ena-
bling the c-opsin to sense UV signals and directly binding exog-
enous all-trans-retinal. Both properties are probably important
for the ciliary opsin to function as a photoreceptive protein in
the brain, and acquisition of the Lys residue in molecular evo-
lution is a critical event for non-visual photoreception in Platy-
nereis (see “Discussion”).

Discussion

Molecular characteristics of Platynereis c-opsin as a UV
receptor in the brain

As mentioned under “Introduction,” ciliary opsins have been
identified in the brains of various vertebrates and invertebrates
(8,9, 11, 14, 15). Thus, expression of ciliary opsin in the brain
may be widely spread among animals. In particular, Platynereis
c-opsin is localized ciliary photoreceptor cells in the brain (8),
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Figure 4. Loss of binding ability for exogenous all-trans-retinal in the
Platynereis c-opsin K94T mutant. A-D, absorption spectra of Platynereis
c-opsin K94T mutant samples that were purified after incubation with 11-cis
(A), all-trans (B), 13-cis (C), or 9-cis (D) retinal. The A, values after incubation
with 11-cis or 9-cis retinal are indicated. Note that, after incubation with all-
trans or 13-cis retinal, no absorbance except protein absorbance at ~280 nm
was observed.

and the c-opsin-expressing photoreceptor cells control circa-
dian swimming behavior via melatonin production (18). Thus,
the spectral and biochemical properties of Platynereis c-opsin
are directly linked to light regulation of circadian signaling.
This study revealed that Platynereis c-opsin is a UV-sensitive
and bistable pigment (Fig. 1). To the best of our knowledge, this
is the first study showing that an opsin expressed in an inverte-
brate brain has UV sensitivity, whereas UV-sensing opsins,
such as parapinopsin (50, 51) or Opn5 (35, 52, 53), function in
the brains of some vertebrates. (After submission of this paper,
a study reported that Rh7 functions in the brain of Drosophila
for photoentrainment of the circadian clock (75). Rh7 may be a
UV-sensitive pigment, but violet (or white) light was used to
activate the pigment in the study.) It should be noted that many
invertebrates, in particular insects, possess UV-sensitive visual
(rhabdomeric) photoreceptor cells in their eyes (54, 55), and
UV-sensing (rhabdomeric, G -coupled) visual pigments have
been identified (56 —61).

Our electrophysiological analyses using Xenopus oocytes
showed that Platynereis c-opsin can activate the G;,, signaling
pathway upon UV reception (Fig. 1, D and E), and a previous
study reported that G; is co-expressed with the opsin in native
tissues (18). Taken together, in ciliary photoreceptor cells,
ambient UV light would affect melatonin production via UV-de-
pendent G; activation by the ciliary opsin, leading to regulation
of circadian behaviors.

Besides UV sensitivity, Platynereis c-opsin can directly bind
exogenous all-trans-retinal as well as 11-cis-retinal (Fig. 2). We
propose that this binding ability is important for the opsin to
function in the brain, which probably lacks enzyme systems
(visual cycle) producing and supplying 11-cis-retinal (2, 38).
Thus, the two abilities of Platynereis c-opsin, UV sensitivity and
direct binding of all-trans-retinal, would be necessary to enable
brain photoreceptor cells to detect UV signals. In other words,
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Platynereis c-opsin has acquired and kept two properties to
introduce UV-sensing ability in brain photoreceptor cells.

Acquisition of Lys-94 in molecular evolution

Previous spectroscopic studies of Opn3 homologs in various
animals showed that these pigments possess A,,,,, values in the
blue to green range (~460-500-nm) upon binding of 11-cis-
retinal (10, 15,27, 28). In contrast, Platynereis c-opsin possesses
Apmax in the UV-A region (383 nm, Fig. 1B), indicating that spe-
cific amino acid residues make the opsin UV-sensitive. Our
mutagenesis analyses revealed that Lys-94 enables Platynereis
c-opsin to not only detect UV signals (Fig. 3) but also to directly
bind exogenous all-trans-retinal (Fig. 4), indicating that the
UV-sensing ability and binding ability for exogenous all-trans-
retinal are related to each other in this opsin and are conferred
by the single Lys-94 residue. A previous study using Opn5 in
vertebrates showed that amino acid substitution at position 168
alters the direct binding of all-trans-retinal, but does not affect
UV sensitivity (37), indicating that the UV-sensing ability and
the direct binding of exogenous all-trans-retinal are indepen-
dent in vertebrate Opn5s, unlike what is the case for Platynereis
c-opsin.

UV-sensing visual and non-visual opsins have been identified
in vertebrates and invertebrates, and the spectral tuning mech-
anisms have been extensively studied through mutagenesis (45,
46, 51, 55, 62, 63). These studies and our data indicate that not
identical but spatially close amino acid residues are responsible
for UV sensitivity in different types of opsin. For example,
amino acid residues at positions 86 and 90 are primary residues
for spectral tuning in vertebrate UV-sensitive visual pigments
(46, 62, 63), a residue at position 90 (or 89) is critical for UV
sensitivity in insect visual pigments (45, 56), and residues at
positions 86 and 89 are suggested to be important for UV sens-
ing in parapinopsin, a pineal photoreceptor in lower vertebrates
(51) (Fig. 3A). Positions 86, 89, 90, and 94 are located on the
same face of the second transmembrane helix and close to the
retinal Schiff base (Fig. 3B). Taken together, UV-sensing ability
has been independently accomplished in different subgroups of
the opsin family, but the UV-sensing opsins nonetheless utilize
adjacent amino acid residues (55). In particular, Platynereis
c-opsin and Drosophila Rh3 (45) (and other UV-sensing rhab-
domeric opsins) achieve UV sensitivity with the help of a single
lysine residue at position 94 and 90, respectively (Fig. 3A4). In
both opsins, the positive charge in the side chain of each Lys
residue would block protonation of the Schiff base, resulting in
the spectral shift to the UV region. Thus, both UV-sensing
opsins have established UV sensitivity by very similar mecha-
nisms, although they are classified into different groups in the
opsin family (the ciliary and rhabdomeric opsin groups, respec-
tively; Fig. 1A).

Lys-94 also confers the ability to directly bind all-trans-reti-
nal (Fig. 4). It is well known that vertebrate visual pigments do
not bind all-trans-retinal directly (33), but T941 substitution
in bovine rhodopsin, a night blindness mutant, enables it to
directly bind all-trans-retinal and causes a blueshift of its A,
value (64). These data suggest that, in ciliary opsins, interaction
between the amino acid residue at position 94 and the Schiff
base is important not only for spectral tuning but also for retinal
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isomers to bind. Also, another study using bovine rhodopsin
showed that direct binding of all-trans-retinal depends on the
conformational dynamics of the retinal-free state (65). Thus,
Lys-94 may increase the conformational flexibility of Platy-
nereis c-opsin. As mentioned above, mosquito Opn3 having
Thr-94 preferably binds 13-cis-retinal rather than the all-trans
form (10). Thus, the preference for retinal isomers has varied in
the molecular evolution of ciliary opsins. Future structural and
computational studies of ciliary opsins will determine how ret-
inal binding selectivity is regulated in detail.

Potential physiological roles of ciliary opsin in Platynereis and
other zooplankton

Positive and negative phototactic behaviors in Platynereis
larvae have been reported (19, 26, 66). Phototaxis is primarily
based on eyespots (larval eyes) and adult eyes having rhab-
domeric photoreceptor cells and is efficiently driven by blue
(~420 nm) and/or green (~480 nm) light. These photorecep-
tive properties are governed by rhabdomeric opsins named
r-opsins (8, 67) and a G,-coupled opsin (26) in the eyes. Because
avoiding UV damage from sunlight is considered a major cause
of DVM (see “Introduction”) (24, 25), zooplankton species need
to somehow detect UV signals. At least in the case of Platynereis
larvae, the eyes are apparently not suitable for UV detection,
suggesting that other organs should receive UV signals for
DVM.

Our study revealed that Platynereis c-opsin can transmit UV
signals to intracellular signaling cascades via G;,, activation.
Furthermore, because the opsin is activated by UV light and
inactivated by visible light (Fig. 1, B, C, and E), the opsin should
efficiently detect UV light intensity in ambient light. c-opsin
and G; are co-expressed in ciliary photoreceptor cells in the
brain, and the cells produce melatonin to regulate swimming
behavior (18) that correlates with a vertical position in the
water column (68). Taken together, the UV-sensitive c-opsin in
ciliary photoreceptor cells is ideally suitable as a UV sensor for
DVM because characteristics of the opsin enable integration of
internal circadian melatonin signaling with external UV signals
in the same cells. Furthermore, because the c-opsin is activated
by UV-A light and inactivated by visible light (Fig. 1), the opsin
would be able to detect the ratio of UV light relative to visible
light. Detection of the UV/visible light ratio at different depths
through the one photopigment might be useful to recognize the
vertical position. Of course, we cannot exclude the possibility
that other opsins also participate in UV detection. For example,
neuropsin (Opnb5) is expressed in the Platynereis brain (18), and
neuropsins in some vertebrates are UV-sensitive (35, 52, 53). In
addition, one of the most studied zooplankton, Daphnia
magna, possesses UV-sensitive visual (rhabdomeric) photore-
ceptor cells in its compound eye (69), implying that, in some
zooplankton species, UV reception via eyes is involved in the
regulation of DVM (24).

Zooplankton consist of aquatic animals classified into vari-
ous animal phyla. Ciliary opsins (Opn3 homologs) have been
identified in the brains of various animals, including protos-
tomes and deuterostomes. Thus, ciliary opsin-dependent UV
reception in the brain could be a major mechanism regulating
DVM in some zooplankton species, such as annelids. Elucida-
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tion of the expression pattern and the spectral properties of
ciliary opsins in various zooplankton species would help us to
understand the molecular mechanisms underlying DVM, pos-
sibly the largest daily biomass movement on earth (19, 21).

Experimental procedures
Ethics statement

All animal experiments in this study were compliant with the
guidelines of the Animal Care Committee of the National Insti-
tute for Physiological Sciences (Okazaki, Japan) and were per-
formed with approval of the committee.

Construction of Platynereis c-opsin WT and mutants for
heterologous expression in mammalian cultured cells

The ¢cDNA of Platynereis c-opsin (AY692353.1) (8) was
synthesized by GenScript (Piscataway, NJ). The cDNAs of
the WT and mutants of Platynereis c-opsin were inserted
into the EcoRI/NotlI site in a mammalian expression vector
pMT using in-Fusion HD (Takara, Kusatsu, Japan). On the C
terminus, the coding sequence of the 1D4 tag (ETSQVAPA),
which is a recognition sequence of the antibody 1D4, was
added for purification using 1D4 antibody columns. Muta-
tions at position 94 were introduced by conventional PCR
reactions on the pMT expression vector containing cDNA of
Platynereis c-opsin WT with the 1D4 tag as a template.
PCR primers for the reactions are listed in supplemental
Table S1. A PCR product using “c-opsin_forward” and
“K94X_reverse” primers and another PCR product using
“K94X_forward” and “c-opsin_1D4_reverse” primers were
inserted into the EcoRI/Notl site in pMT using in-Fusion
HD. DNA sequences were confirmed with a sequencer (ABI
Prism 3130xl, Applied Biosystems, Waltham, MA). The loca-
tion of position 94 in the amino acid sequence of Platynereis
c-opsin is indicated in supplemental Fig. S1. In this paper,
residue numbering is based on the amino acid sequence of
bovine rhodopsin (supplemental Fig. S1).

Protein expression and purification

Platynereis c-opsin WT and mutants were transiently
expressed in COS-1 cells (typically 10—20 plates), and the cells
were harvested 48 h after transfection as described previously
(7, 70). The collected cells were incubated with 11-cis-retinal
overnight, and membrane proteins were solubilized with 1.25%
DDM (Dojindo, Kumamoto, Japan), 20 mm HEPES, 140 mm
NaCl, 0.25% cholesterol hemisuccinate (Sigma-Aldrich, St.
Louis, MO) 25 mM Tris, and 10% glycerol (pH 7.0). The solubi-
lized materials were mixed with 1D4-agarose overnight, and
the mixture was transferred into Bio-Spin columns (Bio-Rad).
The columns were washed with 0.05% DDM, 2 mm ATP, 1 M
NaCl, 3 mm MgCl,, 0.01% cholesterol hemisuccinate, 1 mm
Tris, and 10% glycerol in PBS and subsequently washed with
0.05% DDM, 140 mMm NaCl, 0.01% cholesterol hemisuccinate, 1
mwm Tris, 10% glycerol, and 20 mm HEPES (pH 7) (buffer A). The
1D4-tagged pigments were eluted with buffer A containing 0.45
mg/ml 1D4 peptide (TETSQVAPA) (Toyobo, Osaka, Japan).
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UV-visible spectroscopy and photoreaction of Platynereis
c-opsin

The absorption spectra of purified photopigments were
recorded with a Shimadzu UV-2450 spectrophotometer (Shi-
madzu, Kyoto, Japan). The samples were kept at 10 °C (except
in supplemental Fig. S2B). An optical interference filter (YIF-
BP340-390S, Sigma-Koki, Tokyo, Japan), which transmits light
between 340 and 390 nm, was used for illumination of Platy-
nereis c-opsin with UV light (duration, 2 min; light intensity,
~9 mW/cm?; light source, 250-W halogen lamp). To convert
the photoproduct to the original state, a longpass filter (SCF-
50S-48Y, Sigma-Koki) was used (duration, 30 s; light intensity,
~460 mW/cm? light source, 250-W halogen lamp). For illumi-
nation of Platynereis c-opsin K94T, K94S, and K94A mutants
(Fig. 3, K-M), an interference filter (VPF-50S-10-45-440000,
Sigma-Koki) that transmits light at 440 nm was used (duration,
1 min; light intensity, ~48 mW/cm?; light source, 250-W hal-
ogen lamp), and the photoproduct was converted back to the
original state by illumination with a longpass filter (SCF-50S-
58Y, Sigma-Koki) (duration, 30 s; light intensity, ~220
mW/cm?; light source, 250-W halogen lamp).

HPLC analysis to determine retinal isomer content

Retinal configurations of Platynereis c-opsin samples (Figs.
1C and 2B) were analyzed as described previously (7, 10).
Briefly, this analysis involved mixing 0.2 ml of each purified
c-opsin sample after incubation at 37 °C with 50 ul of 1 M
hydroxylamine and 400 ul of cold 90% methanol to convert
retinal chromophore into retinal oxime, followed by extraction
of the retinal oxime with 0.7 ml of n-hexane. The extract (150
wl) was then injected into a YMC-Pack SIL column (particle
size, 3 wm; diameter, 150 X 6.0 mm; YMC Co. Ltd., Kyoto,
Japan) and eluted with n-hexane containing 15% ethyl acetate
and 0.15% ethanol at a flow rate of 1 ml/min. The absorbance at
360 nm was monitored using an SPD-20A detector (Shimadzu).

Preparation of Xenopus oocytes

Xenopus oocytes were isolated from frogs as described pre-
viously (71, 72). Briefly, Xenopus oocytes were surgically col-
lected from frogs anesthetized in water containing 0.15% tric-
aine and treated with 2 mg/ml collagenase (Sigma-Aldrich) for
3—4h toremove the follicular membrane. 5’-capped cRNA was
prepared from the pPGEMHE vector containing cDNA of Platy-
nereis c-opsin WT and the K94T mutant (inserted in the EcoRI/
HindlIII site) using an in vitro transcription kit (nMESSAGE
mMACHINE Kit, Life Technologies). Typically, we injected the
c-opsin cRNA (~250 pg/oocyte) with rat GIRK1 and mouse
GIRK2 cRNAs (~25 ng/oocyte and ~12.5 ng/oocyte, respec-
tively) in 50 nl of water/oocyte into ~40 oocytes. After the
injection of cRNA, the oocytes were transferred to another dish
to separate them from other (uninjected) oocytes. The oocytes
injected with cRNA were incubated in the standard frog Ringer
solution (MBSH), a standard frog Ringer solution (88 mm NaCl,
1 mm KCl, 0.3 mm Ca(NOs;),, 0.41 mm CaCl,, 0.82 mm MgSO,,
2.4 mm NaHCOj,, and 15 mm HEPES (pH 7.6) with 0.1% peni-
cillin-streptomycin solution), in the dark at 17 °C for 2 days to
make sufficient proteins expressed on the plasma membrane
for electrophysiological measurements. We performed the
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cRNA injection and the electrophysiological measurements
(see below) six times in 3 months and obtained similar results.

Electrophysiology

We used a conventional two-electrode voltage clamp tech-
nique (73, 74) to measure photoresponses caused by Platynereis
c-opsin. Before electrophysiological recording, oocytes injected
with cRNAs were incubated in the standard frog Ringer solu-
tion (MBSH) containing 5 um 11-cis-retinal for ~30 min at
17 °C to form photosensitive pigments (Fig. 1B). Light-induced
electrophysiological responses were recorded in a bath solution
(96 mm KCl, 3 mm MgCl,, and 5 mm HEPES (pH 7.4)). The tip
resistance of the glass electrodes was 0.2—0.5 megohm when
filled with the pipette solution (3 M potassium acetate and 10
mM KCI). The increase in inward K™ current as a result of G;,,,
activation was monitored by two-electrode voltage clamp tech-
nique using an OC-725C amplifier (Warner Instruments, Ham-
den, CT) at room temperature with continuous hyperpolariz-
ing pulses of 0.2 s to —100 mV every 2 s from the holding
potential of 0 mV (32) and subsequent 0.2-s pluses of 40 mV
(Fig. 1D). Typically, after 10 repetitions of the hyperpolarizing
pulses (~20 s), Platynereis c-opsin molecules were activated by
illumination with UV light (light intensity, ~0.6 mW/cm?; light
source, 100-W halogen lamp), and subsequently the opsin was
deactivated by yellow (>480-nm) light (light intensity, ~3
mW/cm? light source, 3-W LED light). For the K94T mutant of
Platynereis c-opsin, efficient activation was induced by the yel-
low light (>480 nm) (Fig. 3, O and Q), in contrast with the WT.
Data acquisition was performed by a digital converter (Digidata
1440, Molecular Devices, Sunnyvale, CA) and pCLAMP 10
software (Molecular Devices).
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