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Peropsin or retinal pigment epithelium-derived rhodopsin homolog, found in many animals, belongs
to the opsin family. Most opsins bind to 11-cis-retinal as a chromophore and act as light-activated G
protein-coupled receptors. Some peropsins, however, bind all-trans-retinal and isomerise it into 11-
cis form by light, and peropsin has been suggested to supply other visual opsins with 11-cis-retinal.
Additionally, peropsin has some amino acid sequence motifs that are highly conserved among G
protein-coupled opsins. Here, using chimeric mutant peropsins, we found that peropsin potentially
generates an “active form” that drives G-protein signalling in the dark by binding to all-trans-retinal
and that the active form photo-converts to an inactive form containing 11-cis-retinal. Comparative
spectroscopic analysis demonstrated that spider peropsin exhibited catalytic efficiency for retinal
photoisomerisation that was much lower than a retinal photoisomerase, squid retinochrome. The
chimeric peropsins, constructed by replacing the third intracellular loop region with that of Gs- or Gi-
coupled opsin, were active and drove Gs- or Gi-mediated signalling in the dark, respectively, and were
inactivated upon illumination in mammalian cultured cells. These results suggest that peropsin acts as a
dark-active, light-inactivated G protein-coupled receptor and is useful as a novel optogenetic tool.

Rhodopsin and related photopigments consist of a protein moiety, opsin, and chromophore retinal and serve as
light-sensing proteins typically found in the eyes of many animals. Thousands of opsin genes have been identified
and are phylogenetically classified into eight groups?. Opsins belonging to six groups are known to serve as
light-sensing G protein-coupled receptors (GPCRs) coupled to one or more of heterotrimeric G protein subtypes
including transducin (Gt), Go, Gi, Gq, and Gs. These opsins, with few exceptions, bind to an 11-cis form as a
chromophore retinal to form opsin-based pigments. In the 11-cis-retinal-binding forms of these pigments, known
as dark states, the chromophore isomerises into all-trans form upon absorption of light, which triggers confor-
mational changes in opsins and leads to the formation of photoproducts, the forms that activate G proteins"?. In
contrast, members of the retinochrome and RGR group bind to all-trans-retinal in the dark and isomerises the
retinal into the 11-cis form with light>*. Several lines of evidence suggest that retinochrome in molluscan retinas
photoisomerises all-trans-retinal to the 11-cis form, which is used to form visual pigments*°. RGR is suggested to
be involved in light-dependent recovery of 11-cis-retinal in the mammalian retinal pigment epithelium by medi-
ating translocation of all-trans-retinyl esters”®. However, there is no direct evidence showing that retinochrome
or RGR can activate G proteins.

Unlike the seven groups described above, little is known about the functions of peropsin group proteins.
Peropsin, or retinal pigment epithelium-derived rhodopsin homolog, was first identified in the mouse retinal
pigment epithelium’ and is found in nearly all vertebrate classes'®. We previously identified peropsin genes in
an amphioxus, Branchiostoma belcheri, and a jumping spider, Hasarius adansoni, revealing that invertebrates
also possess peropsin genes'2. Amphioxus and spider peropsins bind to all-trans-retinal as a chromophore
and isomerise it into 11-cis form upon illumination!>'?. This all-trans-to-11-cis photoisomerisation suggests
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Figure 1. Photoisomerisation of all-trans-retinal by squid retinochrome and spider peropsin. (a,b) Absorption
spectra of mixtures of all-trans-retinal and squid retinochrome (a) or spider peropsin (b) before and after
illumination for 1, 3, 7, 15, and 30 min. Insets: absorption spectra around Amax of retinochrome (=500 nm)
and peropsin (/540 nm). Note that absorbance of the dark state of retinochrome showed no decrease after
illumination for 3 min because it completely regenerated with all-trans-retinal by the time of the measurement
after illumination, namely within ~1 min. (c) Regeneration processes of the dark state of spider peropsin during
dark incubation after illumination for 3 and 30 min. Relative values of absorbance around 540 nm, normalized
to that before illumination, are plotted against the time of dark incubation and fitted with linear functions.

that peropsin functions as a retinal photoisomerase similar to retinochrome. Additionally, we revealed that the
photoproduct (i.e. 11-cis-retinal-binding form) of spider peropsin is thermally stable and does not release the
chromophore retinal'2 In addition, peropsins of many animals contain DRY and NPxxY motifs, which are amino
acid sequences that are highly conserved among GPCRs and involved in the activation of G proteins'?. These
characteristics are common among opsins that activate G proteins and therefore suggest that peropsin functions
as a light-sensing GPCR.

In this study, we examined the function of peropsin by characterising its molecular properties. To examine
whether peropsin acts as a retinal photoisomerase, similar to retinochrome, we compared the catalytic efficiency
for enzymatic retinal photoisomerisation between spider peropsin and squid retinochrome and found that spider
peropsin does not catalyse retinal isomerisation as efficiently as retinochrome. Although we failed to observe any
considerable changes in second messenger levels regulated by Gq, Gs, or Gi signalling in cultured cells express-
ing spider peropsin, some peropsin mutants in which the intracellular regions were replaced with those of G
protein-coupled opsins exhibited activation of G proteins, suggesting that peropsin activates G proteins.

Results

Low catalytic activity of peropsin for all-trans-to-11-cis isomerisation of retinal. = We first com-
pared the catalytic activities for photoisomerisation of all-frans-retinal as a substrate to the 11-cis form between
spider peropsin and squid retinochrome. A previous study'® showed that squid retinochrome isomerases excess
all-trans-retinal into 11-cis form upon illumination, resulting in a decrease in absorption of retinal with a slight
blue shift. Approximately 0.01 A.U. (i.e. absorbance unit) or 160 nM of squid retinochrome and 0.4 A.U. or 22 pM
of all-trans-retinal were mixed and illuminated with yellow light (>510 nm; Fig. 1a). The absorbance around
390 nm decreased by approximately 40% with a slight blue shift of the peak after illumination for 15 min, in
agreement with a previous study'®, demonstrating that all-trans-to-11-cis isomerisation of retinal was catalysed
by retinochrome. Notably, illumination of all-trans-retinal without retinochrome for 30 min only decreased the
absorbance around 390 nm by approximately 1.5% (Supplementary Fig. S1). In the presence of spider peropsin
under experimental conditions similar to those for retinochrome, the illumination with orange light (>550 nm)
caused the absorbance around 390 nm to decrease by approximately 4%, demonstrating that only a small amount
of all-trans-retinal was isomerised (Fig. 1b). The regeneration rates of the dark state of spider peropsin (Amax
~540nm) after illumination for 3 and 30 min were similar (Fig. 1¢; Supplementary Fig. S2), demonstrating that
spider peropsin was not denatured during the 30-min illumination. Therefore, spider peropsin has a much lower
catalytic activity for retinal photoisomerisation compared to squid retinochrome. Such low activity of spider per-
opsin can be explained by the slow regeneration rate. After 3-min illumination, nearly 100% (i.e. 0.01 A.U.) of the
dark state of retinochrome was regenerated within ~1 min (inset, Fig. 1a), whereas only approximately 10% (i.e.
0.001 A.U.) of spider peropsin was regenerated in 8 min (Fig. 1¢), giving a regeneration rate of approximately 1.3%
per min, which indicates that regeneration of spider peropsin was much slower than that of squid retinochrome.
It is possible that stable binding between 11-cis-chromophore and the protein in the photoproduct'? inhibited the
replacement of 11-cis form with the all-trans form to regenerate the dark state spider peropsin.

No detectable activation of major G protein subclasses by spider peropsin. Low catalytic activity
of spider peropsin for retinal photoisomerisation suggests an alternative possibility that peropsin functions as
a light-sensing GPCR. First, we performed a bioluminescent Ca®* assay using aequorin to investigate whether
spider peropsin can drive Gq signalling in cultured cells. A Gq-coupled opsin, human Opn4, evoked a massive
light-dependent increase in luminescence, which is consistent with a previous report'* and showed that activation
of Gq increased intracellular Ca?* concentrations (Fig. 2a). In contrast, we did not detect any considerable change
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Figure 2. Bioluminescent assays for light-dependent changes in intracellular Ca** and cAMP levels. (a)
Aequorin Ca*" assay with HEK293 cells heterologously expressing human Opn4, spider peropsin, or no opsin.
The inset shows the same data of spider peropsin and no opsin on a linear scale. Averaged values for three
samples are shown with error bars (s.e.m.). (b) GloSensor cAMP assay with HEK293 cells expressing jellyfish
opsin, spider peropsin, sPeropsin-GsOpL3, or sPeropsin-3,ARL3. (c) GloSensor cAMP assay with HEK293 cells
expressing MosOpn3 or sPeropsin-GiOpL3. The same data of spider peropsin shown in Fig. 2b is shown here
for comparison. Cells were illuminated with white light (a; arrows) or green light (b,c; arrowheads).

in luminescence upon illumination with spider peropsin-expressing cells compared to cells expressing no opsin
(Fig. 2a), demonstrating that activation of Gq by spider peropsin did not occur under this condition.

We next investigated whether peropsin activates Gs or Gi by conducting a GloSensor cAMP assay. Cells
expressing Gs-coupled box jellyfish opsin'®, which were preincubated with 11-cis-retinal overnight, exhibited
a light-dependent increase in luminescence, showing a typical increase in intracellular cAMP levels through Gs
signalling (Fig. 2b). Spider peropsin-expressing cells, which were preincubated with all-trans-retinal, exhibited no
considerable changes in cAMP levels (Fig. 2b), indicating that wild-type spider peropsin does not couple to Gs or
Gi under this condition. To further investigate the possibility that spider peropsin activates G proteins, we intro-
duced a mutation to enhance the activation ability of Gs into spider peropsin, according to our previous finding
that replacement of the third intracellular loop region (IL3) with the corresponding region of the Gs-coupled
jellyfish opsin enables various opsins to activate Gs in a light-dependent manner'®. Interestingly, cells expressing
the chimeric spider peropsin mutant in which IL3 was replaced with that of the jellyfish opsin (referred to as
sPeropsin-GsOpL3; see Supplementary Fig. S3 for the amino acid sequence), preincubated with all-trans-retinal,
responded to light, in contrast to wild-type peropsin-expressing cells (Fig. 2b). Surprisingly, light evoked a
decrease in cAMP levels in cells expressing sPeropsin-GsOpL3 in contrast to in jellyfish opsin-expressing cells
(Fig. 2b). The most plausible explanation for this result is that the dark state of sPeropsin-GsOpL3 may activate
Gs, while its photoproduct does not.

To examine this observation, we generated another spider peropsin mutant in which IL3 was replaced with
the sequence of 3, adrenergic receptor (sPeropsin-3,ARL3; Supplementary Fig. S3), which is known as a proto-
typical Gs-coupled GPCR, because a previous study showed that a bovine rhodopsin mutant in which the IL3 was
replaced with that of 3, adrenergic receptor evoked a light-dependent increase in cAMP levels in HEK293 cells!”.
Cells expressing sPeropsin-3,ARL3 exhibited a smaller but clear light-dependent decrease in cAMP levels, which
is similar to the result of sPeropsin-GsOpL3 (Fig. 2b, Supplementary Fig. S4). We next investigated whether a per-
opsin mutant containing the IL3 of a Gi-coupled opsin induced an opposite light-dependent change in cAMP lev-
els compared to the Gi-coupled opsin. Illumination of cells expressing a mosquito Gi/o-coupled opsin, MosOpn3,
caused a light-dependent decrease in cAMP, presumably via Gi signalling (Fig. 2c), as previously shown!'s. As
expected, the spider peropsin mutant with MosOpn3 IL3 (sPeropsin-GiOpL3; Supplementary Fig. S3) evoked a
light-dependent rise in cAMP levels, as opposed to MosOpn3 (Fig. 2¢). Taken together, these results suggest that
the dark states of spider peropsin mutants activated Gs or Gi and these activation abilities were at least partially
lost in their photoproducts, indicating that the mutants served as dark-active, light-inactivated GPCRs.

Further investigation of chimeric peropsin mutants coupled to G protein in a dark-active and
light-inactivated manner. Based on the above results for spider peropsin, we next generated mutant
proteins based on amphioxus peropsin containing IL3 of the jellyfish opsin (aPeropsin-GsOpL3) or MosOpn3
(aPeropsin-GiOpL3; Supplementary Fig. S3) to investigate whether peropsin of a deuterostome also produces
similar results. aPeropsin-GsOpL3 and aPeropsin-GiOpL3 evoked a light-dependent decrease and increase in
cAMP levels, respectively, similar to sPeropsin-GsOpL3 and sPeropsin-GiOpL3 (Fig. 3), suggesting that the
unique molecular feature that enables replacement of IL3 to activate G proteins in the dark and to be inactivated
by light is common among peropsins of other protostomes and deuterostomes.
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Figure 3. Light-dependent changes in cAMP level in cells expressing amphioxus peropsin and its mutants.
GloSensor cAMP assays with cells expressing amphioxus peropsin, aPeropsin-GsOpL3, or aPeropsin-GiOpL3.
Cells were illuminated with green light (arrowhead).

Figure 4a illustrates a schematic model for G protein activation by peropsin mutants based on our findings
and those of our previous studies showing that the dark states and photoproducts of spider and amphioxus per-
opsins contain all-frans and 11-cis forms of chromophore, respectively'"!2. Consistent with this model, cAMP
levels in sPeropsin-GsOpL3-expressing cells without supplemental retinal exhibited a small but clear decrease
upon illumination and an increase after addition of all-trans-retinal (Fig. 4b). The small decrease upon illumina-
tion can be explained by a photoreaction of a small amount of the peropsin mutant bound to endogenous retinal
in standard medium containing bovine serum, according to our previous reports'®!°. In addition, we observed
that after the decrease of cAMP by illumination with orange light, blue light illumination caused an increase in
cAMP level in sPeropsin-GsOpL3-expressing cells (Fig. 4c). This increase by blue light illumination would be
due to photoconversion of the photoproduct into the dark state as we previously reported with spider peropsin'2.
These results are consistent with a model in which the dark state, or the all-trans-retinal-binding form, activates
G proteins (Fig. 4a).

We next investigated whether additional replacement of other intracellular regions results in a larger
amount of change in cAMP level. Regarding Gs-coupled mutants, the spider peropsin mutant containing
all the intracellular regions, i.e. the first (IL1), second (IL2), and third intracellular loops and the C-terminal
region (CT), of the jellyfish opsin (sPeropsin-GsOpL123C; Supplementary Fig. S3) showed higher cAMP lev-
els in the dark, evoked a much larger light-dependent decrease in cAMP levels, and caused larger elevation of
cAMP levels with the addition of all-trans-retinal, compared to sPeropsin-GsOpL3 (Fig. 4d). Rough estima-
tion of the relative expression levels of peropsin mutants showed that the level of sPeropsin-GsOpL123C was
higher than that of sPeropsin-GsOpL3 (Supplementary Fig. S5), suggesting that the increase in expression level
of sPeropsin-GsOpL123C might contribute to the larger amount of change. In the case of Gi-coupled mutants,
replacement of all intracellular regions (IL1/2/3/CT) by those of the C-terminal truncated MosOpn3'® exhibited
a similar level of light-dependent increase in cAMP, compared to sPeropsin-GiOpL3 (Fig. 4e). We generated a
set of mutants with different combinations of intracellular regions as shown in Fig. 4e and found that the mutant
with MosOpn3 IL2 and IL3 (sPeropsin-GiOpL23; Supplementary Fig. S3) evoked the largest photoresponses. The
expression level of sPeropsin-GiOpL23 was lower than that of sPeropsin-GiOpL3, suggesting that MosOpn3 IL2
might enhance G protein activation. Collectively, we found that replacement of intracellular regions in addition
to IL3 resulted in a larger amount of change in cAMP level.

Discussion

In this study, we examined two possible functions of peropsin, i.e. as a photoisomerase and light-sensing
GPCR. First, the catalytic efficiency for retinal photoisomerisation was compared between spider peropsin and
squid retinochrome, revealing that spider peropsin was much less efficient in our experiment (Fig. 1). Second,
luminescence-based assays for intracellular Ca?* and cAMP levels were performed but failed to show any con-
siderable changes upon light stimulation in HEK293 cells expressing spider peropsin, suggesting that Gq, Gs,
or Gi were not coupled to spider peropsin (Fig. 2). Interestingly, however, spider peropsin mutants in which
the intracellular region(s) was replaced with that of a Gs-coupled opsin evoked a light-dependent decrease and
an all-trans-retinal-dependent increase in cAMP levels (Figs 2, 4), indicating that the mutants could drive Gs
signalling in the dark by binding to all-trans-retinal and were inactivated by absorption of light (see Fig. 4a).
Similarly, the peropsin mutants with intracellular region(s) of a Gi-coupled opsin were suggested to be active
and drive Gi signalling in the dark (Figs 2, 4). Such G-protein activation in the dark was also observed with
amphioxus peropsin mutants with replacement of IL3 (Fig. 3). These findings suggest that the dark states (i.e.
all-trans-retinal-binding forms) of these peropsin mutants activate G proteins and that their photoproducts (i.e.
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Figure 4. Peropsin mutant proteins serving as dark-active, light-inactivated GPCRs. (a) A schematic model

for G protein activation by peropsin mutants. Apo-protein binds to all-trans-retinal and forms the dark state
that activates G proteins. The dark state photo-converts to the photoproduct, or 11-cis-retinal-binding form,
which does not efficiently activate G proteins. (b) GloSensor cAMP assay with sPeropsin-GsOpL3-expressing
cells with addition of all-trans-retinal (ATR). All-trans-retinal (10 uM) or only solvent (ethanol) was added. (c)
GloSensor cAMP assay with sPeropsin-GsOpL3-expressing cells preincubated with all-trans-retinal. Cells were
illuminated with amber (arrowheads) and blue (arrows) light. (d,e) GloSensor cAMP assay with cells expressing
different peropsin mutants that activate Gs (d) and Gi (e). ATR, all-trans-retinal (10 LM). Basal cCAMP level was
elevated by adding forskolin (1 1M) before the measurements (e). Averaged values for three samples are shown
with error bars (s.e.m.) (b,d,e). Cells were illuminated with amber light (arrowheads; b,d,e).

11-cis-retnal-binding forms) are less efficient in G protein activation. Taken together, our findings suggest that
wild-type peropsins might act as dark-active and light-inactivated GPCRs as discussed below.

The current study demonstrated that peropsin mutants containing the IL3 of other opsins can activate G pro-
teins when they bind to all-trans-retinal as a chromophore (Figs 3, 4), providing insight into the conformational
characteristics of wild-type peropsins. The scheme for bovine rhodopsin to convert into the active form, or Meta
II state, is that isomerisation of the chromophore into all-trans form causes rearrangement of transmembrane
a-helices, which in turn leads to conformational changes in intracellular regions bound to specific G proteins®-22,
Thus, the specific arrangement of the transmembrane helices in the Meta II state is essential to activate G proteins.
Our results suggest that the all-trans-retinal-binding forms of the peropsin mutants, which activate G proteins,
would exhibit an arrangement of the transmembrane helices similar to the Meta II state, leading to conforma-
tion of the introduced intracellular loop(s) to activate G proteins. In addition, because the wild-type spider and
amphioxus peropsins have the same amino acid sequences as their mutants in the transmembrane regions, the
all-trans-retinal-binding forms of the wild-type peropsins may also have an arrangement of the transmembrane
helices that is similar to the all-trans-binding active form (i.e. Meta II state) of bovine rhodopsin. Further studies
are needed to evaluate the affinities of intracellular regions of these peropsins to G proteins other than Gs, Gi, and
Gq. Recently, it was reported that human peropsin in keratinocytes is involved in increasing intracellular Ca*™
upon illumination with violet light**. It will be of interest to determine whether human peropsin itself activates
G proteins in keratinocytes.

The unique property of peropsin mutants as an all-trans-retinal-dependently dark-active and light-inactivated
GPCR shows their potential as a novel type of optogenetic tool. Because HEK293 cells expressing peropsin
mutants exhibited light-dependent changes in cAMP levels in serum-containing medium with no supplementa-
tion of retinal (Fig. 4b,d,e), the peropsin mutants may spontaneously activate G proteins, without light stimula-
tion, in the presence of all-trans-retinal at an endogenous concentration in mammalian bodies. Peropsin mutants
evoked light-dependent changes in cAMP levels in a sustained manner, although slow recovery of cAMP levels
was observed in most cases (Figs 2-4). Such slow recovery might be partly due to conversion of the photoproduct
to the dark state by replacement of the chromophore as observed for wild-type spider peropsin (Fig. 1c) and/or
an intrinsic mechanism(s) involved in recovery of cAMP level in HEK293 cells. Further studies will be needed
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to understand how the peropsin mutants act in vivo in detail. Various types of opsins have been proposed to be
useful as dark-inactive, light-activated GPCRs for optogenetic manipulation of G protein signalling cascades?* 2.
To our knowledge, the peropsin mutants are the first optogenetic tools demonstrated to drive G protein signalling
cascades spontaneously in the dark and be inactivated by light in living cells.

Methods

Construction of expression plasmid. Peropsin mutants were designed based on previous studies!”?4?
and generated by amplifying DNA fragments that overlap each other by 15-20 base pairs and fused by polymer-
ase chain reaction. Fused fragments were tagged with the rho 1D4 epitope sequence (ETSQVAPA) and inserted
into the multiple cloning site of pcDNA3.1 plasmid vector (Invitrogen, Carlsbad, CA, USA). The expression
constructs of squid retinochrome?, spider!? and amphioxus!' peropsins, human Opn4'4, box jellyfish opsin?®,
and C-terminal truncated MosOpn3'8, each possessing the C-terminal 1D4 epitope sequence, were also used.

Spectroscopic analysis of retinal isomerisation. Expression of opsins was performed as previously
described!®?. Briefly, HEK293S cells were transfected with expression constructs by the calcium phosphate
method and incubated for 2 days in 5% CO, incubator at 37 °C. Opsin-containing cell membranes were collected
by centrifugation and opsin-based pigments were constituted by overnight incubation with excess all-trans-retinal
at 4°C. The pigments were extracted with 1% (w/v) dodecyl 3-D-maltoside (DM) in 50 mM HEPES buffer (pH
6.5) containing 140 mM NaCl (buffer A), bound to 1D4-agarose, washed using buffer A with 0.02% DM for retin-
ochrome or with 0.1% DM and 0.1 mg/mL L-a-phosphatidylcholine from egg yolk'>*° for peropsin, and eluted
with wash buffers containing the peptide corresponding to the 1D4 epitope sequence. Absorption spectra of the
purified samples were measured using a spectrophotometer (UV2450, Shimadzu, Kyoto, Japan) at least three
times and the averaged spectra were calculated. A 1-kW halogen lamp was used for illumination of samples with
Y-52 or O-56 glass cutoff filters (AGC TECHNO GLASS, Shizuoka, Japan). The concentrations of retinal and
squid retinochrome were determined using the extinction coefficients of 17,900 (water solution) and 60,800 M !
cm™}, respectively®'2. The concentration of spider peropsin was tentatively estimated under the assumption that
its extinction coefficient is similar to that of squid retinochrome.

Bioluminescent reporter assays for Ca?* and cAMP. A luminescent Ca’* assay was conducted as
described previously'* with minor modifications. Briefly, HEK293 cells were seeded into 96-well plates (25,000
cells per well) in DMEM containing 10% fetal bovine serum (FBS). After overnight incubation, cells were trans-
fected with opsin constructs and the expression plasmid containing a DNA sequence coding the mitochondrially
targeted aequorin'* using Lipofectamine 2000 (Invitrogen) according to the manufacturers’ instructions. On the
following day, the medium was replaced with L-15 medium without phenol red (Invitrogen) containing 10%
FBS, 10 uM coelenterazine h (Biotium), and 10 uM all-trans-retinal (peropsin) or 9-cis retinal (Opn4). Following
2-h incubation, luminescence was measured using a plate reader (FLUOstar Optima, BMG Labtech, Ortenburg,
Germany). The cells were stimulated with white light from a Xe ramp for 2s.

A GloSensor cAMP assay with 35-mm dishes (Figs 2b,c, 3, 4c) was carried out as described previously'.
The samples were stimulated with a green (510 nm) light-emitting diode (LED) light for 5s (Figs 2, 3) or amber
(594nm) and blue (450 nm) LED lights for 55 (Fig. 4c). For the 96-well-based assay (Fig. 4b,d,e), HEK293S cells
were seeded into a 96-well plate (20,000 cells per well), incubated overnight, and transfected with 50 ng of an
opsin construct and 50 ng of GloSensor 22 F plasmid (Promega, Madison, WI, USA) per well by using polyethyl-
enimine. After overnight incubation, the medium was replaced with a CO,-independent DMEM containing 10%
FBS and 2% GloSensor cAMP Reagent (Promega). Luminescence was measured using a plate reader (FLUOstar
Omega, BMG Labtech). The cells were stimulated with an amber (594 nm) LED light for 1 min.
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