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Abstract

Melanopsin, expressed in a subset of retinal ganglion cells, mediates behavioral adaptation to
ambient light and other non-image forming photic responses. This has raised the possibility that
pharmacological manipulation of melanopsin can modulate several CNS responses including
photophobia, sleep, circadian rhythms and neuroendocrine function. Here we describe the
identification of a potent synthetic melanopsin antagonist with in vivo activity. Novel sulfonamide
compounds inhibiting melanopsin (opsinamides) compete with retinal binding to melanopsin and
inhibit its function without affecting rod/cone mediated responses. In vivo administration of
opsinamides to mice specifically and reversibly modified melanopsin-dependent light responses
including the pupillary light reflex and light aversion. The discovery of opsinamides raises the
prospect of therapeutic control of the melanopsin phototransduction system to regulate light-
dependent behavior and remediate pathological conditions.
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Melanopsin (Opn4) and rhodopsin, expressed in the mammalian retina, belong to the opsin
family of G-protein coupled receptors (GPCRs) and use cis retinal as a chromophore, but
they substantially differ in protein sequence, signaling mechanisms, cell type specificity and
the light dependent behaviors they control. Melanopsin is expressed in a small subset of
retinal ganglion cells that are intrinsically photosensitive (ipRGC) with peak response
sensitivity in the blue spectrum 1. Mouse genetics has elucidated key roles of melanopsin in
light regulation of the circadian clock, neuroendocrine hormones, pupil diameters, sleep,
arousal, photophobia and migraine, while melanopsin is largely dispensible for image-
forming function 1. This raises the possibility of pharmacological modulation of melanopsin
function to probe its role in non-murine species and a novel therapeutic approach to the
treatment of photophobia and light exacerbation of migraine in humans. Migraine pain
afflicts nearly 5% of adult males and 15% of females and the cost of treatment and
productivity loss in the US alone amounts to >$17 billion (2 and references therein). The
daily use of tinted glasses that filter out blue light is reported to be effective in attenuating
the frequency of childhood migraine 3, thus suggesting pharmacological blockade of light
input can be an effective therapeutic approach.

Cis retinal binds to opsin photopigments as an inverse agonist and locks them in an inactive
conformation. Light-triggered isomerization of cis to all-trans retinal causes a
conformational change in the opsin and activation of a signaling cascade. Photoactivated
melanopsin activates Gag and phospholipase-C that in turn triggers an increase of cytosolic
Ca?* from intracellular stores and/or by opening of membrane channels (reviewed in 4,
Supplementary Results, Supplementary Fig. 1a). One of two steps then takes place:
melanopsin is thought to photoisomerize the all-trans photoproduct to cis retinal,
alternatively, the all-trans retinal is released from melanopsin permitting the apoprotein to
bind to new 11-cis retinal to regenerate a functional photopigment 5 6. Although retinoid
derivatives have been extensively used to probe rhodopsin function, their pleiotropic effect
on retinoid metabolizing enzymes and nuclear hormone receptors render these compounds
as less favorable agents for specific modulation of melanopsin. Here we report a novel
screen for small molecule modulators of the melanopsin photoresponse, identification of a
non-retinoid class of melanopsin antagonist and demonstration of in vivo efficacy of the
antagonist in attenuating melanopsin dependent photoresponses in rodents.

Small molecule antagonists of melanopsin

Mammalian rhodopsin and melanopsin share only ~55% amino acid sequence homology
within the seven transmembrane region of the protein. Limited sequence similarity is found
among the amino acid residues that constitute the retinal binding region of the ground state
or light-activated metastate of rhodopsin 7 8, suggesting that the interaction of melanopsin
with its chromophore is different from that of vertebrate rod/cone opsins. Therefore, we
sought to discover antagonists that selectively attenuate the function of melanopsin while
sparing that of visual opsins. We adapted a mammalian cell-based assay ° to screen for
compounds that inhibit melanopsin function. Upon photoexcitation (488 nm, 500 mW),
dark-adapted CHO cells stably expressing human melanopsin (CHOCP™) generated an acute
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increase in a Ca2*-dependent fluorescent signal that was absent from host CHO cells lacking
ectopically expressed melanopsin (Supplementary Fig. 1b). Pre-exposure of the CHOOPM
cells to white light (1000 lux, 60 min) abolished the photoresponse, which could then be
regenerated in a dose-dependent manner with subsequent addition of 9-cis retinal, a
commercially available analog of 11-cis retinal (Supplementary Fig. 2). Immediately after 9-
cis retinal addition (Supplementary Fig. 2a “Acute addition”), photo-excitation evoked a
relatively slow increase in Ca2* that peaked in 25 — 100 s, with a half-maximal effective
concentration (ECsq) for 9-cis retinal of 20 + 9 nM (Supplementary Fig. 2b). Allowing the
light-exposed cells to reconstitute with 9-cis retinal for 15 min to 1 h followed by photo-
excitation (Supplementary Fig. 2¢ “Pre-incubation”) led to a rapid CaZ* transient that
reached a peak level in <20 s with ECsq of 42 + 18 pM. These results are consistent with the
idea that ectopically-expressed melanopsin in CHO cells can be inactivated and likely
photobleached by bright light and that the subsequent reconstitution of melanopsin
apoprotein with retinal to a fully functional photopigment is a relatively slow process. Such
timing might reflect a two-step regeneration process as has been shown for rod/cone

opsins 10, in which the retinal is first bound non-covalently to the opsin before the high-
affinity Schiff’s base linkage is established. In summary, these results create a framework
for carrying out an effective screen for finding antagonists of melanopsin-mediated
phototransduction.

We screened 80,000 compounds from the Lundbeck library of diverse compounds
(Supplementary Fig. 2 “Screening & Validation”). CHOOP™ cells in 384-well plates were
light-exposed, 10 uM of each compound added and following a 30 min incubation period,
light-induced increase in Ca2* was measured after addition of 1 uM 9-cis retinal. Among the
initial hits for compounds that reduced light-dependent Ca?* transients by >2 S.D. from the
average response elicited with buffer control, a group of compounds with a common
sulfonamide core emerged (Supplementary Table 1). Additional members of the
melanopsin-inhibiting sulfonamides (opsinamides) were purchased or synthesized, and
tested. Six compounds inhibited melanopsin photoactivation with estimated affinities
ranging from 2 — 13,000 nM nM (Supplementary Table 1 and Supplementary Fig. 3). Two
compounds were selected for further characterization based on a combination of affinity and
drug-like properties (Fig. 1a and Supplementary Table 3) and a lack of interaction with
rhodopsin photopigment isolated from bovine retina (Supplementary Fig. 2d).

While ectopically-expressed melanopsin has been demonstrated to confer photosensitivity to
diverse cell types, cell-specific differences in melanopsin’s activation, deactivation, and
threshold sensitivity in these various heterologous systems and native ipRGCs have been
well documented > 11714, 1n CHOOPM™ cells, the opsinamides AA92593 (1) and AA41612
(2), showed a half-maximal inhibitory concentration (1Csg) of 665 + 9 nM and 15.8 + 1.8
nM, respectively (Fig. 1a—c). The melanopsin photocurrent from Xenopus oocytes
ectopically expressing mouse melanopsin ° was also inhibited by these two compounds (Fig.
1d and 1e), thus confirming that the inhibition is not restricted to mammalian cells or to
specific assay conditions. Pre-incubation of the oocytes with increasing concentrations of
AA92593 or AA41612 attenuated melanopsin photocurrent in a dose-dependent manner
(Fig. 1d and 1e). Relative potencies of AA92593 (ICsq 190 nM) and AA41612 (ICgq 20 NM)
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in oocytes were comparable to those measured in mammalian cells. The action of AA92593
was found to be highly specific for melanopsin since at a high concentration (10 pM) it
failed to inhibit radioligand binding to a large panel of 74 biological targets including
GPCRs and ion channels (Supplementary Table 4).

To elucidate the binding properties of opsinamides for melanopsin, we incubated increasing
concentrations of radiolabeled [3H],-AA41612 (Supplementary Fig. 4) with membranes
from light-exposed CHO®PM cells. The amount of bound radioligand in the absence or
presence of excess (10 uM) 9-cis retinal was measured to find total, non-specific and
specific (total minus non-specific) binding. [3H],-AA41612 exhibited saturable binding to
CHOOPM cell membranes with a maximum binding (Bmax) of 2.9 pM.mg~? protein and an
equilibrium dissociation constant (Kd) of 0.28 nM (Fig. 2a). The binding isotherm was
suggestive of a single binding site within the concentration range tested. Next, we assessed
binding reversibility in competition binding experiments. Both agonist (9-cis retinal) and
unlabeled antagonists (AA41612 and AA92593) exhibited concentration-dependent
displacement of [3H],-AA41612 from CHOOPM cell membranes (Fig. 2b) with Hill slopes
close to 1.0 and half-maximal receptor binding concentrations (K;) of 10.6 + 4.0, 0.43 £ 0.05
and 16 + 2 nM, respectively. These results suggest that both the opsinamides and 9-cis
retinal likely compete for binding to melanopsin. In summary, from the radioligand binding
experiments, the opsinamides show saturable and reversible binding to a site that is shared
by 9-cis retinal.

To functionally assess the nature of inhibition of the melanopsin photoresponse by the
opsinamides, we incubated light-exposed CHOOP™ cells with buffer or fixed concentrations
of opsinamide, and added increasing doses of 9-cis retinal immediately prior to
photoexcitation of melanopsin. As expected for a competitive antagonist, increasing doses of
opsinamides caused a rightward shift in the retinal dose response curve and consequently a
proportional increase in the ECsq for 9-cis retinal (Fig. 2c). The dose ratios (DR = ECgg in
the presence of antagonist/ECsq in buffer) at different concentrations of opsinamide were
used to create Schild plots (Fig. 2d). Although maximal efficacy was slightly reduced at
high concentrations of antagonist, the slope of the Schild plot was not significantly different
from 1.0, which further suggested that opsinamides and 9-cis retinal compete for their
actions on melanopsin.

Estimation of compound affinities to previously light-exposed melanopsin using the Schild
plot determined the apparent K, values of 160 + 55 nM and 6.2 + 1.1 nM for AA92593 and
AA41612, respectively. However, in the retina, melanopsin-based responses can be further
enhanced by addition of exogenous retinal 1° 16, thus suggesting that a mixture of retinal-
free apoprotein and retinal bound melanopsin exist in the ipRGCs. To test the potency of the
antagonist in inhibiting melanopsin-cis-retinal photopigment, light-exposed CHOOP™ cells
were first incubated for 15 min with a range of 9-cis retinal concentrations to form
functional photopigment before the antagonist was added. Subsequent measurement of the
melanopsin photoresponse revealed diminished antagonist potency. For example, the
apparent Ky, of AA92593 was reduced from 160 nM to approximately 6 uM. This is
consistent with the higher affinity of cis-retinal for melanopsin (ECsg 42 pM;
Supplementary Fig. 2), and slow off-rate of cis-retinal from Schiff’s base linkage with the
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opsin. Taken together, these results suggest that low UM concentrations of AA92593 should
be capable of inhibiting photoactivation of ipRGCs in situ.

Opsinamide inhibits native ipRGC photoresponses

To test whether opsinamides can inhibit melanopsin-dependent photoresponses in native
ipRGCs, immunopanned rat ipRGCs were repeatedly stimulated with 1 min light pulses with
a 15 min inter-pulse interval and the light-evoked rise in intracellular Ca2* levels was
measured using the ratiometric calcium indicator dye Fura-2 4. In solvent treated cells
(n=14) response magnitude to the 1 min light pulse slightly increased during the recording
period (i.e. 8 light pulses over 110 min — Fig. 3a). Application of 10 uM AA92593 to
ipRGCs showing normal light responses to 2 test pulses reduced the photoresponse to
successive light pulses such that the responses to the last two light pulses were suppressed
by more than 90% compared to the solvent-treated cells (Fig. 3b). Since the light-induced
increase in intracellular Ca2* is largely the result of Ca2* influx through voltage-dependent
calcium channels activated after action potential firing 14, the data suggest that AA92593
inhibits isolated ipRGCs from firing action potentials in response to light, and hence might
also attenuate melanopsin-mediated light responses in the intact retina.

In anticipation of in vivo studies, we performed a pharmacokinetic analysis of AA92593 and
associated opsinamides. Systemic dosing with AA92593 yielded measurable exposure in
both brain and retina. Following 30 mg kg™ IP, tissue levels remained high (>2,000 ng. g1
tissue weight or ~7.5 uM) in the retina 30 min after administration, and subsequently >95%
was rapidly cleared within 2 h (Fig. 3c), thus offering a sufficient temporal window to
monitor in vivo efficacy and reversibility. Given its apparent Ky, of 160 nM in CHOOP™
cells pre-exposed to light and ~6 pM in cells reconstituted with retinal, this dose of
AA92593 should deliver enough antagonist in the retina to inhibit both the apoprotein as
well as a fraction of the retinal-bound melanopsin leading to significant attenuation of the
melanopsin mediated photoresponses.

For in vivo studies, we first tested the effect of AA92593 on different photoreceptor classes
in intact retina. Both wild type (WT) C57BL/6J mice (Supplementary Fig. 5) and
melanopsin-deficient mice (Opn4~'") (Fig. 3d and 3e) with intact rod/cone functions treated
with AA92593 showed no noticeable inhibition of rod/cone photoreceptors as their rod- and
rod/cone combined electroretinograms (ERGS), recorded within 30 min of compound
administration, were similar to those of vehicle-treated control mice. Furthermore,
opsinamide did not significantly attenuate dark recovery of rod responses after a saturating
light pulse, thus suggesting opsinamides do not adversely affect rod photopigment function
(Fig. 3f and g and Supplementary Fig. 6).

To test whether opsinamide inhibits light-evoked ipRGC action potential firing, we recorded
light responses from retinas from C3H/HeJ (rd) mice. These animals carry the Pde8P
mutation that causes progressive loss of most of their rod and cone photoreceptors soon after
birth and the adult mice (> 3 months old) largely express only melanopsin photopigment in
the retina 17. As direct perfusion of drugs known to inhibit melanopsin downstream
signaling steps is relatively ineffective in accessing ipRGCs in intact retina preparations 18,
we adapted a method that leverages the natural drug delivery through the retinal
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microvasculature. We injected adult rd mice with AA92593 or vehicle prior to harvesting
retinas. ipRGC action potential firing in response to a 1 min light pulse in retinas pre-treated
with AA92593 was reduced by >70% compared to controls. Upon washout of the
opsinamide, light induced spike number gradually returned within 30 min to the response
pattern observed in the retina from mice pre-treated with vehicle alone (Fig. 3h—j and
Supplementary Fig. 7).

Opsinamide inhibits melanopsin dependent behaviors

Next, we assessed the effect of AA92593 on the pupillary light reflex (PLR) in adult rd
mice. As ipRGCs are in essence the only functional photoreceptor type present in these
mice, they offer a large dynamic range for evaluating melanopsin sensitivity in intact
animals via the PLR 17- 19, AA92593 dosed i.p. (30 mg kg ~1) 20 min prior to PLR
measurement attenuated pupil constriction in response to light (1012 ph.cm=2.s™1) by ~50%
(Fig. 4a and b and Supplementary Fig. 8). Up to 30 min after opsinamide treatment, the mice
exhibited slow constriction, reduced maximum constriction and faster relaxation. Such PLR
perturbation was reversible; resumption of normal PLR response within 60 min paralleled
opsinamide clearance from the retina (Fig. 3c). This close correlation between duration of
drug availability in the retina (Fig. 3c) and inhibition of the PLR also suggests that the
opsinamides do not cause irreversible or long lasting changes in the signaling circuitry from
melanopsin activation to pupil constriction. In mice with intact rod/cone photoreceptors,
melanopsin contributes to PLR at high irradiance (>1012 ph.cm=2.s71) and there is sufficient
separation of pupil constriction between rod/cone (Opn4~'~ mice) and rod/cone+melanopsin
(WT mice) photoreceptor systems (see Fig. 2b from 29) to detect any drug effect. Wild type
(WT) mice treated with AA92593 showed attenuated PLR under high light intensity (1013
ph.cm~2.571). PLR in Opn4™/~ mice, PLR at low light intensity (1010 ph.cm=2.571) in WT
mice, and the initial (up to 1 s) pupil constriction speed in both WT and Opn4~/~ mice are
driven by rod/cone photoreceptors 20: 21 and are unaffected by opsinamide (Fig. 4c—e,
Supplementary Fig. 8e), thus demonstrating no appreciable off-target effect of the antagonist
on this phenotype. Constriction speed after the first 1s at high irradiance is dependent on
melanopsin and are attenuated by opsinamide. Altogether these results support the
conclusion that AA92593 functions as a specific inhibitor of melanopsin and has no
detectable adverse effect on rod/cone-mediated light responses in vivo.

The ipRGCs send their axons to several thalamic regions including the ventral lateral
posterior thalamic nuclei and dorsal posterior thalamic nuclear group where they have been
shown to make synaptic contacts with dura-sensitive neurons 22. This forms the neural basis
for light exacerbation of migraine pain or photophobia impairing learning in young children
and productivity in adults. Wearing orange tinted glasses for a few hours daily that filter out
melanopsin-activating blue light reduces migraine attacks 3. A specific contribution of
melanopsin to light aversion in rodents is clearly evident in young rodent pups 23. Neonatal
mice (<P14) have fully functional ipRGCs prior to the establishment of a functional rod/
cone photoreceptor system. By this age, the ipRGC axons already innervate their major
brain targets (Supplementary Fig. 9). WT pups showed strong aversion to blue light that
matches the peak spectral sensitivity of melanopsin (Fig. 4f-h, Supplementary Fig. 10 and
Supplementary Movie 1). These pups showed exploratory activity under darkness. Light
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stimulus triggers an avoidance response in which they turn their head, move away from the
light source and then stop activity. Opn4~~ mice lack such aversion behavior to blue light
(Supplementary Movie S2). WT pups injected with AA92593 exhibit remarkably reduced
light aversion behavior and phenocopied Opn4~/~ pups (Supplementary Movie 3); light did
not acutely trigger a negative phototaxis and the pups continued to be active for a prolonged
period of time after the onset of a light stimulus.

Discussion

In summary, we report a non-retinoid, first-in-class, highly specific compound targeting the
photopigment melanopsin that effectively and reversibly suppresses non-visual
photoresponses in the intact mouse without affecting overall rod/cone photoreceptor
function. The selectivity most likely arises from the primary amino acid sequence
divergence between melanopsin and rod/cone opsins. Vertebrate rod/cone opsins and
melanopsin share only limited primary amino acid sequence similarity 24 25 and employ
distinct retinal use and signaling properties ° 11.12.26_Sequence comparison of mouse or
human melanopsin with published crystal structures of bovine rhodopsin reveals that nearly
half of the key residues that directly support retinal dynamics in ground state or
photoactivated state 7+ 8- 27. 28 gre not conserved. They include T94F, E113Y, A117G,
T118A, E1221, W126l, C185T, 1189W, Y192M, A269S, F273L, F293V (single letter amino
acid code and position in bovine rhodopsin followed by the aminoacid in the respective
position in mouse melanopsin are indicated).

The potency of opsinamide likely depends on the retinal-bound state of melanopsin. Its
binding to melanopsin apoprotein is competitive, thereby interfering with subsequent
binding of retinal. There are at least two different explanations for the observed attenuation
of melanopsin mediated photoresponses by opsinamide in vivo without prior light exposure
of the mouse retina. First, there is evidence that sufficient melanopsin apoprotein exists in
the retina 1% 16, which may be blocked by opsinamide from reconstitution with retinal. We
currently do not know whether, as proposed for rhodopsin 29, melanopsin also exists as a
dimer and whether both dimeric partners are required to have bound retinal for normal
function. So, in this scheme opsinamide bound melanopsin can render the dimeric complex
inactive even if its partner molecule harbors bound retinal. Second, opsinamide at a higher
concentration (~6uM) can inhibit melanopsin reconstituted with retinal. The amount of
opsinamide retained in the retina up to 30 min after administration is in this range, and hence
can inhibit melanopsin by displacing retinal. The extent of PLR attenuation using doses of
opsinamide consistent with in vitro models and the lack of off-target effects as seen from
Opn4~'~ mice, support the conclusion that opsinamides inhibit melanopsin function and
sufficient quantity of opsinamide reaches the retina so that it does not require substantial
prior photoactivation to achieve melanopsin inhibition.

Although opsinamides exhibit nanomolar potency against melanopsin apoprotein, the higher
affinity of cis-retinal for melanopsin (ECsq 42 pM; Supplementary Fig. 2), and the slow off-
rate of cis-retinal from the Schiff’s base linkage with the opsin, may explain the incomplete

inhibition of melanopsin response in vivo. Nevertheless, the magnitude of inhibition is large
enough to ameliorate light aversion and produce significant inhibition of melanopsin-
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mediated PLR in adult mice. The results indicate that targeting melanopsin is a novel and
tractable therapeutic option for treating light-modulated disorders of the central nervous
system, such as migraine and photophobia. Current therapies for these disorders are either
non-existent, or in the case of migrain they leave residual symptoms such as photophobia.
The discovery of these compounds against the opsin class of receptors now opens up the
possibility that a similar strategy can be taken to identify new pharmacological modulators
of other opsins including classical rhodopsin to treat vision problems related to excessive
activation of rhodopsin. Furthermore, these compounds also offer a novel pharmacological
tool to evaluate the function of melanopsin in non-model organisms that are not easily
amenable to genetic perturbations.

Online Methods

Ethics statement

All animal studies were approved by Institutional Animal Care and Use Committee of the
Salk Institute for Biological Studies, and University of Nebraska, and performed in
accordance with the guidelines.

Cloning and expression of melanopsin (Opn4)

Human, mouse, and rat melanopsin cDNA was cloned using standard methods. Cloned
sequences correspond to the following sequences currently available: human
NM_033282.31, Rat NM_138860.1, and mouse NM_013887.2. Stable cell lines were
generated by co-transfection of plasmid DNA encoding melanopsin with a second plasmid
conferring neomycin resistance into CHO cells. Clones were selected using the Ca2* release
assay (below). Cells were maintained in DMEM media with 10% FCS in the presence of
neomycin.

Ca?* release assays

CHO cells stably expressing human melanopsin (CHO®P™) were treated with trypsin and
seeded onto poly D-lysine coated Costar 384-well plates (12,000 cells/well) and incubated
overnight in serum-free medium. For most experiments, 2 h prior to assay, the cells were
exposed to ~1,000 lux light from a white fluorescent light source at room temperature for 1
h. Cell medium was removed, and cells were washed once with 70 pl of assay buffer
(Hank’s Balanced Salt solution supplemented with 20 mM HEPES, 2.5 mM probenecid and
0.05% BSA). Cells were loaded with calcium indicator Fluo-4 AM (Molecular Probes)
using a MultiDrop fluid dispenser, and incubated for 1 h at 37° C in a CO5 incubator, and
then washed three times with assay buffer. For high-throughput screening, compounds (10
UM final concentration) were first added to cell plates and incubated for 30 min. Cell plates
were placed in FLIPR384 (MDS Molecular Devices), and fluorescence was measured every
1 s for up to 30 s before addition of 1 uM 9-cis retinal. Fluorescence measurement was
continued for up to 2 min after retinal addition. Because the assay was done in non-
equilibrium condition, it was more reliable to measure antagonist potencies by calculating
compound Ky, 30. This was performed by measuring 9-cis retinal ECss in the absence and
presence of antagonist (1 or 10 uM). The magnitude of the parallel curve shift is a function
of antagonist potency in a competitive system. Ky values were calculated using the equation:
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logKy, = log[B] — log(DR-1), where B is the concentration of antagonist used and DR is
the ratio of the ECxqs in the absence and in the presence of antagonist.

Concentration-effect data were fitted to sigmoidal curves using Prizm software (GraphPad
Software). Schild plots showing the effects of increasing concentrations of antagonist on 9-
cis retinal concentration-effect curves were prepared as described 31. In some experiments,
the 9-cis retinal was added after dye loading and 15 min later the compounds were added.

Sulfonamides

Opsinamides AA92593 and AA41612 were from Princeton Biomolecular Research (>98%
purity), AE51310, AA73920 and AD83947 from ChemBridge (>90% purity), and AD96765
from Interchim (>90% purity). 1-((2,5-dichloro-4-methoxyphenyl)sulfonyl)piperidine-3,4-t,
(Radio ligand 3[H],-AA41612) was prepared as follows. The reaction of 2,5-dichloro-4-
methoxybenzene sulfonyl chloride (compound 7 in Supplementary Fig. 4, Ryan Scientific,
Purity>90%) with the commercially available 1,2,3,6-tetrahydropyridine, followed by
hydrogenation using 10% Pd/C in ethyl acetate was duplicated using tritium (T,) at ARC
(American Radiolabeled Chemicals, Inc.) to yield 1-((2,5-dichloro-4-
methoxyphenyl)sulfonyl)piperidine-3,4-t, (compound 8): The purity of compound 8 was
determined by HPLC to be 98% (Zorbax C-18; 1%TFA in H,0 / acetonitrile (10%-100%);
detection: UV at 254 nm and 3H p-Ram); Specific activity of compound 8 = 50 Ci/mmol.

Radioligand binding assays

Cell membranes from CHOOP™ cells were prepared by harvesting whole cells and
disrupting the cell pellet by sonication in ice-cold buffer (20 mM Tris-HCI, 10 mM EDTA,
pH 7.4 at 4 °C). The resulting crude cell lysate was cleared of cell debris by low speed
centrifugation at 200g for 5 min at 4°C. The cleared supernatant was then centrifuged at
40,0009 for 20 min at 4°C, and the resulting membrane pellet was washed by suspending in
ice-cold buffer and repeating the high speed centrifugation step. The final washed membrane
pellet was re-suspended in assay buffer containing: 50 mM Tris-HCI, 1 mM EDTA, 5 mM
MgSOy, pH 7.4. Protein concentration was determined by the Bradford method.

In equilibrium saturation binding assays, isolated membranes were incubated in assay buffer
with increasing concentrations of [3H],- AA41612. In equilibrium competition binding
assays, isolated membranes were incubated with 300 pM of the radioligand in the presence
of increasing concentrations of competing ligand for 2 h in the dark at 25 °C. Binding
reactions were stopped by filtration through a double layer of glass fiber filters treated with
0.1% polyethyleneimine using a cell harvester. Radioactivity was measured by scintillation
counting (Trilux). Nonspecific binding was defined as the amount of radioactivity remaining
in the presence of 10 uM 9-cis retinal.

Melanopsin photoactivation in Xenopus oocytes

In vitro transcribed and polyadenylated mMRNAs for mouse melanopsin, TrpC3, Gag and
Arrbl were injected into stage IV Xenopus oocytes, and intracellular recording of
melanopsin photocurrent was carried out as described earlier . Opsinamide AA92593 was
diluted to desired concentration and perfused for 3 min prior to addition of 50 pM 11-cis

Nat Chem Biol. Author manuscript; available in PMC 2014 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al. Page 10

retinal. Subsequent light stimulation and intracellular recordings were carried out as
described earlier °.

Isolated rat ipRGC photoactivation

Long Evans rats were sacrificed at 5-6 days postnatal, and the retinas were dissected and
dissociated into a single cell suspension. Purified cultures of ipRGCs were generated using a
two-step immunopanning technique involving rabbit anti-rat N-terminus melanopsin
antibodies as in previous work (12). The cells were plated onto coverslips in serum-free
Neurobasal A+B27 medium with BDNF, CNTF, forskolin and gentamicin and calcium
imaging was performed on the cells after 1 to 3 days in culture. The ipRGCs were loaded
with the calcium indicator dye Fura-2 AM for 30 min under dark conditions before being
placed into the recording chamber positioned on an upright fluorescence microscope (Zeiss
Axioskop 2 FS). Cells were continuously perfused with oxygenated Hanks buffer medium
warmed to 33 — 35°C using an inline heater. Once cells were visually located under the 40X
water-immersion objective, a test light pulse was given to ensure cells in the field of view
responded with an increase in intracellular Ca2* levels (recorded as a change in ratio of
emitted fluorescence at 510 nm after excitation at 340 nm and 380 nm). Each light pulse
(broad-spectrum light from a 100 W halogen bulb, with same irradiance as used in previous
work [12]) was 1 min in duration and images were captured every 10 s during the light pulse
and every minute between pulses while the cells were maintained in complete darkness. The
initial two light pulses were used to create a baseline response, and subsequent light pulses
were given every 15 min. Perfusion of the melanopsin antagonist (10 uM) into the chamber
followed the 2nd light pulse, and the antagonist was then perfused continuously for the
remainder of the recording session; experiments typically consisted of 8 light pulses after
which time the calcium indicator was no longer effective.

Bioanalysis for pharmacokinetics

Frozen brains were weighed and homogenized in four volumes (w/v) of homogenization
buffer consisting of 50% water, 30% 2-propanol and 20% DMSO. A 150 pl internal
standard solution (AA92593 in 80% acetonitrile/ 20% DMSO) was added to 50 pl
homogenized brain/plasma sample. The samples were mixed and centrifuged. The
supernatant was injected directly into a ThermoFinnigam Quantum Ultra LC/MS/MS system
for analysis. A standard curve (0 — 5,000 ng/ml) was generated in homogenates to determine
the concentrations of AA92593 in the brain.

Electroretinogram (ERG)

WT or Opn4~'~ mice were dark adapted for 2 h before testing, and all ERGs were recorded
under dim red light illumination. First, mice were anesthetized with a mixture of Ketamine
(100 mg/kg) and Xylazine (10 mg/kg). Their pupils were dilated with a drop of tropicamide,
and wire electrodes were positioned on each eye. Reference electrode and ground were
placed respectively on the forehead and the leg of the animal. Measurements were done as
described earlier 32 or with the Espion E2 Visual Electrophysiology System (Diagnosys,
LLC) which controls acquisition, amplification, filtering (0.312 to 100 Hz), stimulation and
timing. The signal is digitized at 1 kHz. The stimuli consisted of brief full field flashes
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(pulses color: white 6500K). Each response corresponded to the averaging of 4 trials spaced
by 10 s. We recorded from 50 ms before the flash to 200 ms after.

The program saved the data to a text file, which was imported into an analysis program
written in Matlab. The a-wave amplitude was measured from the baseline to the trough of
the a-wave, and b-wave amplitude was measured from the trough of the a-wave to the top of
the b-wave. The a-wave implicit time was measured from the beginning of the stimulus to
the trough of the a-wave, and the b-wave implicit time was measured from the beginning of
the stimulus to the top of the b-wave.

Multi Electrodes Array (MEA) recording

Initial experiments, using rd mice and neonatal rat retinas, indicated that the bath application
of the opsinamide required high concentrations (~100 uM) of this compound for significant
effects on ipRGC light responses to be observed. This is likely due to the poor drug
diffusion in this preparation (intact retina placed RGC-side down on the MEA\), in which the
drug has to perfuse through the outer retina to the fine ipRGC dendrites embedded deep in
the tissue (see [16] for discussion of diffusion issues). In view of this physical limitation, the
opsinamide was instead delivered systemically through IP injections performed prior to the
MEA recordings. Dark-adapted adult rd mice received either AA92593 (30 mg kg™1) or
vehicle via IP injection 15 min prior to sacrifice. After removal from the eye, a patch of
retina about 4 — 10 mm? was mounted on a Multi-electrode array (Multichannel Systems,
Reutlingen, Germany), ganglion cell side down, and perfused with oxygenated Ames’
medium at 35 °C supplemented with 20 uM CNQX and 50 uM D-APV to block
glutamatergic transmission. Retinas were dissected and incubated in medium containing 10
UM AA92593 or vehicle until the first light pulse, after which recordings were conducted in
medium containing vehicle only (washout). The activity of ganglion cells was recorded via
256 electrodes 30 um in diameter spaced every 100 pm apart and arranged in a 16x16 square
grid. Full-field visual stimuli at a flux of 5 x 1012 photons/cm?/s at the retina was presented
during recordings using a high brightness LED (LuxeonStar 5, luxeonstar.com) with a peak
wavelength of 480 nm. The current through the LED was controlled using custom
electronics and software written in Matlab (Mathworks, Natick, MA) and aligned with the
physiological recording with a resolution of £100 ps. Signal was acquired from all 256
channels at 10 kHz. Negative thresholds for spike detection were set at 5 times the standard
deviation of the noise on each channel. Spike cutouts, consisting of 1 ms preceding and 2 ms
after a suprathreshold event, along with a time stamp of the trigger were collected. For each
electrode, these spike cutouts were sorted into trains of a single cell using Offline Sorter
(Plexon, Denton, TX). Data analysis and display were performed using Neuroexplorer
(Plexon) and custom software written in Matlab.

Response threshold was fixed at the baseline discharge rate (average of the rate measured
over the 30 s preceding light ON) plus two time the standard deviation. A cell was
considered to respond from the time its firing rate went above the threshold (for at least 2 s)
to the time it returned to threshold (for at least 2 s). Duration of the response and the number
of spikes fired in this interval were analyzed.
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Pupillary light reflex (PLR)

Mice were implanted with an acrylic headpost. After at least 1 wk of recovery from the
headposting surgery, they were tested for PLR. On the day of the testing, 20 min before the
first light stimulation, dark-adapted mice received an IP injection of either vehicle or
compound (30 mg kg1 body weight of mouse) as well as a drop of tropicamide in the left
eye. Before the recordings, mice were briefly anesthetized with isofluorane and restrained in
a custom-made animal holder. The animal holder was placed inside a light tight box with the
left eye apposed against an opening of an integrating sphere. Light from a 300 Watt Xenon
Arc lamp light source (Sutter Instrument, Novato, CA, USA) was filtered, collimated and
delivered to the integrating sphere through a liquid light guide. An inline 480 nm filter, a
filter wheel with a neutral density filter and a Lambda 10-3 optical filter changer with
SmartShutter™ were used to control the spectral quality, intensity and duration of light.
Light intensity was measured with a Melles Griot power meter. The mouse’s right eye was
illuminated by an IR LED and recorded with a high precision LINX video camera (Imperx
Inc.) equipped with an IR filter at a sample rate of 30Hz. We recorded 5 min sequences
consisting of 1 min of darkness, 1 min of monochromatic 480 nm light (1 x 1013
ph.cm=2.571 or 1 x 1010 ph.cm2.s71) and finally 3 min of darkness. This sequence was
repeated 19 min, 29 min and 39 min after the injection. Digital movies of pupil constriction
were analyzed with a custom Labview (National Instruments) program. We extracted the
pupil diameter. The mean diameter measured during the first period of darkness (20 s) of
each sequence served as the baseline for normalization of the recordings. Note the bright
light used is known to isolate the specific contribution of melanopsin to PLR in multiple
studies including the irradiance response curve shown in Lucas et al. However, the intensity
used here is not the brightest intensity used in Lucas et al (7E14 ph.cm™2.s71; see [18].

Negative phototaxis assay

WT and Opn4~/~ pups aged from P7 to P9 were tested in a phototaxis assay (once a day)
with the procedure modified from 21. After the mouse pups were dark adapted for 1 h, they
received a sub-cutaneous injection of either vehicle or AA92593 (30 mg kg1 body weight
of mouse). A small (3 mm diameter) reflective dome sticker was placed on their head for
video tracking and the pup was placed inside a transparent cylindrical plexiglass tube for 10
min. After the first 5 min under total darkness, the end of the tube where the mouse head
was pointed at was illuminated with bright monochromatic 480 nm light (9.5 x 101°
ph/cm?/s measured closet to the light). The tube was illuminated with 2 infrared (IR) LED
bars (Environmental LightTM) and the pup’s activity was video recorded during the last 7
min (2 min before and 5 min after light ON) with a Sony video camera equipped with an IR
filter. Digital movies were then analyzed offline with a custom centroid detection-based
program implemented in Matlab (Mathworks). We extracted the distance covered by the
head in 1 s bins that allowed us to obtain the pups activity profile during the recording as
well as to compare the mean activity before and after light on. Pups that didn’t show
significant activity (no bin with above 1.3 mm/bin or 5 pixels/bin threshold) during the 2
min before light ON were excluded from the analysis. Cnetral projections of melanopsin
RGCs in P8 pups were stained in Opn4Cr¢/+:Z/AP mouse 33.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Opsinamides inhibit melanopsin photoresponse. (a) High-throughput screen of a small
molecule library and subsequent medicinal chemistry identified two sulfonamides with
sufficient potency against melanopsin. AA92593 [1-(2,5-Dichloro-4-methoxy-

benzenesulfonyl)-piperidine] and AA41612 [1-(4-Methoxy-

3-methyl-benzenesulfonyl)-

piperidine]. (b) Increasing concentrations of AA92593 correspondingly reduced the light-
induced rise in cytosolic Ca2* in CHOOPM cells. Real-time cellular Ca2* changes after the

addition of AA92593 was measured with Fluo-4 based dye.
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peak light-induced Ca?* fluorescence from CHOOP™ cells pre-incubated with increasing
concentration of AA92593 or AA41612. Average response (£ S.E.M., n = 4 wells) plotted
against different concentrations of antagonist or buffer control illustrates higher potency of
AA41612. (d) Both opsinamides also inhibited light-induced melanopsin photocurrent in
Xenopus oocytes. Average response (n = 5 oocytes) to 60 s of white light are shown. (€)
Normalized average photocurrent (£ SEM, n = 5) plotted against increasing concentrations
of opsinamides showed AA41612, as seen in mammalian cells, is more potent inhibiting
melanopsin than AA92593.
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Fig. 2.

Specific and competitive binding of opsinamide to melanopsin. (a) Specific binding of
[3H],- AA41612 to melanopsin and displacement by unlabeled AA41612. Radiolabeled
[3H],- AA41612 showed saturable binding to membrane fraction from light-exposed
CHOOPM cells with a Kd = 0.28 nM and Bmax = 2.9 pmoles/mg protein. Specific binding
was 94% at 300 pM of radio ligand. (b) Concentration-dependent displacement of radio
ligand by 9-cis retinal, AA92593 and AA41612. (c) Schild plot demonstrating competitive
interaction between retinal and opsinamide. Peak light-induced Ca2* fluorescence from
CHQOOPM cells incubated with buffer or different concentrations of AA92593 followed by
increasing concentrations of 9-cis retinal are shown. Naotice the rightward shift of retinal
concentration curves reflecting increasing amount of retinal required to outcompete higher
amount of opsinamide. The suppression of peak response with the highest concentrations of
antagonist were caused by non-equilibrium conditions in the FLIPR. (d) Schild regression
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plot showing competitive binding between opsinamide and 9-cis retinal. This dose ratio plot
has a slope of 0.9 whose deviation from a slope of 1 was not statistically significant. The
Schild plot showed AA92593 has an apparent Ky, of 105 nM for human melanopsin in this
experiment. Untransfected CHO cells showed < 5% of the specific binding observed with
CHQOPN4,
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Opsinamide inhibits melanopsin photoresponses without inhibiting rod/cone function. (a)
Representative and (b) average (+ SEM) light-evoked rise in Ca2* in individual rat ipRGCs
superfused with buffer (n = 14) or 10 uM AA92593 (n = 7) in response to stimulation with 1
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after the mice were IP injected with 30 mg.kg of the compound. (d to g) ERG of Opn4~/—
mice treated with vehicle or opsinamides. (d and €) Mice received either vehicle (black. n =
6) or AA92593 (red. n = 8) and after 15-20 min they were exposed to successive light
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flashes (250 ms) of increasing intensity. (f and g) Immediately after receiving either vehicle
(black. n = 6) or AA92593 (red. n = 8), the mice were given a reference light pulse (time 0,
5 cd s/m2, 250 ms), and exposed to an intense illumination (500 cd s/m2) for 5 min to bleach
rod/cone photoreceptor responses. Recovery response to light flashes (5 cd s/m2, 250 ms)
was assessed at 10 and 20 min. (h) Experimental design of MEA recording of light-evoked
responses from rd retina. (i) Example spike train raster plots of single units responding to 4
consecutive light pulses. (j) Average (+ SEM, n= 24-50 units) number of spikes in response
to 1 min light pulse at 0, 10, 20, and 30 min after washout (*P < 0.05, ** < 0.01, *** <
0.001, NS, Student’s t test).
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Fig. 4.

Opsinamides reversibly attenuate melanopsin-mediated photoresponses. (a) Average pupil
diameter in response to three individual light pulses. (b) Average pupil constriction (x SEM,
n = 6-7) in vehicle- or opsinamide- treated mice. (c) Average pupil diameter of mice with
melanopsin only (rd), rod/cone only (Opn4~'~) or WT mice carrying both rod/cone and
melanopsin photopigments in response to high or low irradiance levels. PLR for rd mice is
reproduced from a. (d) Representative pictures of the eye of a WT mouse, showing the
differences in pupil constriction after injection of vehicle or opsinamide. (€) Average
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(+SEM, n = 6) pupil diameter during a 1 min light pulse in mice shown in c. (f) AA92593
attenuates phototaxis behavior in WT neonatal mice. Binned average (£ SEM, n = 10 for
WT + vehicle, n =12 for WT + AA92593, n = 7 for Opn4‘/‘, 10 s bins) head movement
under darkness and after illumination showed significantly reduced (*P < 0.05, Student’s t
test) light aversion and freezing in WT pups treated with AA92593 that is similar to head
movement in Opn4~/~ pups. (g) Average head movement (+ SEM) over 2 min period in
dark and after light are shown (***P < 0.0005, * P < 0.05). (h) Representative infrared
images of WT littermate P8-aged pups injected with vehicle or AA92593 in a test chamber.
Red and blue lines track the head movement of the mouse during 2 min prior to and 2 min
after illumination with blue light, respectively. Arrows indicate the orientation of light after
2 min of baseline recording. Their activities are also shown in Supplementary Fig. 10 and
Supplementary movies.
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