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Abstract

In our efforts to discover new drugs to treat pain, we identified molleamines A-E (1-5) as major
neuroactive components of the sea slug, Pleurobranchus forskalii and their prey, Didemnum
molle tunicates. The chemical structures of molleamines were elucidated by spectroscopy and
confirmed by the total synthesis of molleamines A (1) and C (3). Synthetic 3 completely

blocked acetylcholine-induced calcium flux in peptidergic nociceptors (PNs) in the somatosensory
nervous system. Compound 3 affected neither the a7 nAChR nor the muscarinic acetylcholine
receptors in calcium flux assays. In addition to nociceptors, 3 partially blocked the acetylcholine-
induced calcium flux in the sympathetic nervous system, including neurons from the superior
cervical ganglion. Electrophysiology revealed a block of a3p4 (mouse) a6/a3p4 (rat) nicotinic
acetylcholine receptors (NAChRs), with 1Csq values of 1.4 and 3.1 uM, respectively. Molleamine
C (3) is a partial antagonist, reaching a maximum block of 76-82% of the acetylcholine signal and
showing no partial agonist response. Molleamine C (3) may thus provide a lead compound for the
development of neuroactive compounds with unique biological properties.

Graphical Abstract
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INTRODUCTION

Mollusks often use small molecules or peptides in defense, predation, and signaling. Cone
snails, for example, inject into prey animals a potent venom that has led to many drug
candidates and an FDA-approved pain therapy. Beyond cone snails, the neurochemical
diversity of mollusks has been relatively unexplored, prompting us to conduct a screening
campaign that led to the discovery of mollusk compounds with potential to combat the
opioid crisis.2 We performed phenotypic screen using the mouse dorsal root ganglion
(DRG), where peripheral neurons detecting pain, heat, cold, touch, limb position, and
other sensory modalities are bundled. Each of these sensations is signaled by several cell
types each expressing complex constellation of receptors and ion channels. We applied
constellation pharmacology to determine the cell-type selectivity of compounds in a single
assay and to rapidly focus on compounds that selectively target nociceptors or other desired
sensory cell types. Constellation pharmacology also enables the identification of potential
molecular targets that are relevant to disease progression.3-

Pleurobranchs are a family of mollusks that are well known for neuroactive compounds:
tetrodotoxin was isolated from Pleurobranchus maculata,” while an ergot alkaloid

was isolated from Pleurobranchus forskalii® Here, we describe a class of potential
antinociceptive compounds isolated from the sea slug 2 forskalii from the Solomon
Islands. Like other mollusks from Family Pleurobranchidae, 2. forskalii has a greatly
reduced shell and copious unprotected tissues that may require a chemical defense. It

is a nocturnal animal that preys on tunicates, especially Didemnum molle. P. forskalii
accumulates typical D. molle metabolites, including macrocyclic cyanobactin peptides and
diterpenes, presumably from the diet.®: 10 The compounds are toxic, leading to a proposed
role in chemical defense. While defensive metabolites are well studied in many species
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of shell-less mollusks,! to the best of our knowledge the ecological roles of natural
products in pleurobranchs have not been experimentally tested. Here, we show that 2
forskalii obtained from the Solomon Islands contains molleamines, small molecules that are
structurally related to the previously described mollecarbamate/molleurea class of alkaloid
natural products.12 13 Using metabolomics, we show that molleamines and their structural
relatives are ubiquitously found in D. molle tunicates throughout the region where the £
forskalii sample was collected, while they were absent from other tunicates from the Family
Didemnidae. Since £, forskalii eats D. molle, it is likely that the slug’s molleamines also
originate in D. molle.

In constellation pharmacology assays, molleamine C (3) displayed selective activity in
blocking the acetylcholine induced calcium influx in a subset of peptidergic nociceptors
(PNs), as well as an additional activity in A&-low threshold mechanoreceptors (LTMRs)

at higher doses. These neurons are directly relevant to pain sensation. Mechanistic
investigations show that the major activity of 3 is due to partial antagonism of the major

a3 and a6 nicotinic acetylcholine receptors (nAChRs) that are specifically present in those
cells. While there are many nAChR agonists and antagonists, the only other selective partial
antagonist of a3 nAChRs (AT-1001) is also a partial agonist. Molleamine C (3) may thus
provide a new lead for neuroactive drug discovery.

2. RESULTS AND DISCUSSION

2.1 Isolation and Characterization of Neuroactive Molleamines.

P, forskalii was collected at night at Lomousa Reef, Solomon Islands (S 09° 08°42.33”

E 159°06°01.50). D. molle specimens SI-074U, —075W, -123K, -124L, -128T, —222K,
-223L, -226S, —228U, -382U, —-386H, —389MA, —-389MB, —-457S, —-462Y, -463H, —464K,
-465L, -485H, and -486K were collected near the Russell Islands and Honiara Island,
Solomon Islands. The cytochrome oxidase | gene sequence confirmed the field identification
(deposited in GenBank, M\W663488). The £ forskalii ethanolic extract was potently active
in a DRG assay, in particular blocking the effects of ATP on a subset of neurons. Assay-
guided fractionation afforded five compounds, the molleamines, that were responsible for
the observed activity.

Molleamine A (1) was isolated as an amorphous, colorless solid with a molecular formula
of C17H29N20, indicating nine degrees of unsaturation, as determined by HRMS and NMR
data. The 1H NMR spectrum of 1 indicated the presence of an amide group (54 8.55),

an amine (8 7.84), four methylenes, and nine aromatic protons. 13C and HSQC NMR
data were consistent with the above units, which together accounted for all unsaturations.
COSY and HMBC correlations from H-2 to C-8 and C-3 (Subunit A), H-4 to C-2 (Subunit
A), and H-2 to C-3, C-4 (Subunit C) and H-8 to C-2 (Subunit C) enabled assembly

of phenethylamine and 2-(2-aminoethyl)benzoic acid (AEBA) moieties (Figure 1, Figure
S1). MS/MS data provided evidence that these two moieties were connected (Figure S5),
and chemical synthesis of 1 from commercially available starting units confirmed the
assignment. Molleamine B (2) differed from 1 by an oxygenation. This difference could be
explained by a pair of ortho-coupled aromatic doublets (6 7.84 and 8 6.70) and a phenolic
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OH signal at 6y 9.21, indicating that the phenyl group in 1 was oxygenated in 2, forming a
p-hydroxyphenyl moiety. All NMR and MS data were consistent with this assignment.

Molleamine C (3) was isolated as an amorphous colorless solid with a molecular formula

of CygH29N30,, indicating 14 degrees of unsaturation. In comparison to 1, 3 incorporated
nine more carbon atoms, nine more hydrogen atoms, one more nitrogen atom, and one more
oxygen atom. The 1H NMR spectrum of 3 revealed two amide protons (&4 8.68 and 6
8.46), an amine (&4 7.88), 13 overlapping aromatic protons (6y 7.2-7.4), and six methylene
groups (84 2.84 - & 3.47). The 13C NMR and HSQC data of compound 3 indicated

the presence of two amide carbonyls, 18 aromatic carbons, and six methylenes. COSY

and HMBC correlations from the above structural units supported one phenethylamine and
two AEBA units. Key HMBC correlations from H-7 (subunit A) and H-1 (subunit B1)

to amide carbonyl C-9 (subunit A), and from H-7 (subunit B1) and H-1 (subunit C) to
amide carbonyl C-9 (subunit B1) allowed connection of the subunits as shown (Figure S1).
The MS/MS fragment ions /m/z 105, m/z 148, m/z 252, which were comparable to those

of 1, and new fragments m/z 269 and m/z 399 (Figure S13) supported the link between
these moieties. Finally, because of the limited quantities available for pharmacological
testing, we performed a gram-scale total synthesis of 3 from commercially available starting
material. Spectroscopic data and coelution of the natural and synthetic products under
several different conditions proved the identity of the synthetic and natural materials, and
thus confirmed the structure of 3 as assigned (Figures S26-S29).

Molleamines C (4) and D (5) were similarly elucidated, the differences being extension

by one and two additional AEBA units, respectively. The assignments of 4 and 5 were
supported by extensive NMR and MS data. The only exception was that the limited
quantity available for 5 made it difficult to obtain a clear 13C NMR spectrum. However,

the remaining data and close similarity to the spectrum of 4 strongly supported the structure
as shown.

Compounds 1-5 all feature the unusual AEBA repeating units in their structures, which to
the best of our knowledge have not been described in nature previously except in a series of
molleureas isolated from the tunicate, D. molle.12: 13 Molleamines are structurally identical
to a subset of the molleureas, except that they lack the ureido linkage.

In the same field trip in 2018 in which we obtained the £, forskalii sample, we also collected
D. molle specimens spanning the known color morphs,1# 15 and hundreds of specimens of
other tunicates. D. molle color morphs are genetically very distinct, and thus D. molle is
likely comprised of many different cryptic species. A metabolomics analysis of the sample
set revealed that of 20 D. molle specimens sampled, all contained diverse compounds in the
AEBA-containing natural product family, including compounds 1 and 3-5 isolated from A2
forskaliiin this study (Figure 2). These results suggest that 2 forskalii consumes D. molle,
from which it obtains and concentrates the bioactive molleamines. The molleamine potency
in assays (see below) is several orders of magnitude higher than the previously reported
activity for molleureas and mollecarbamates,12 although the assays previously performed on
the latter compounds are quite different than what we have done here.
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2.2 Molleamines selectively target specific cell types in the somatosensory nervous

system.

Using mouse DRG neurons and glia, we performed a calcium imaging-based high-content
phenotypic screening assay.3- Primary cultures from mouse DRG neurons were plated to
obtain ~2,000 cells/well, and the intracellular calcium levels were simultaneously monitored
in all the cells using Fura-2-AM dye. Calcium traces were extracted for individual cells

at the end of the experiment. Initial screening used periodic depolarizations of the DRG
neurons with the application of extracellular ATP (20 uM), KCI (30 mM), or acetylcholine
(ACh, 1 mM), which were expected to function primarily by activating purinergic receptors,
voltage-gated Ca2* channels, and acetylcholine receptors, respectively. At the end of each
experiment, a series of pharmacological differentiators (xM-conopeptide RITJ (xM-RI11J),
allylisothiocyanate (AITC), menthol, and capsaicin) aided in the identification of specific
cell types. Thus, by interrogating cells with different pharmacological agents, the effects of
extracts and pure compounds could be readily identified. In addition, cell size determination,
fluorescent labeling with 1B4, and the use of transgenic fluorescent markers to label
calcitonin gene-related peptide (CGRP) expressing PNs, served to further differentiate cell
types into at least 16 reproducible and distinct cell classes.18

Bioactivity screening of purified 1-5 at 20 uM revealed molleamine C (3) as a cell-type
selective ligand (Figure 3, Table S2 and S3). Compound 3 potently and completely blocked
the response of PN cells to ACh and modestly blocked the response of AS-LTMRs to ATP,
but it had virtually no observable impact on DRG cells in response to KCI. This was a
unique and promising phenotype in comparison to other compounds we have screened.
Moreover, because PNs are therapeutic targets in pain, while AS-LTMRs are potential pain
targets implicated in mechanical allodynia under neuropathic conditions,1’” we chose to
focus on 3.

2.3 Molleamine C (3) is an antagonist of NAChRs in peptidergic nociceptors.

When we treated DRG neurons with ACh (1 mM), only a relatively small subset of cells
responded (~5% of neurons, Figure 3A). The strongest responses were observed in PN,
although only <10% of PNs responded. When molleamine C (3) was applied at 20 pM, the
responses to ACh in many cells were almost completely blocked (Figure 3B). Block was
dose dependent and could be observed at concentrations as low as 0.2 uM (Figure 3B).

To differentiate nAChR (ion channel) versus muscarinic (GPCR) activity, either atropine
(muscarinic antagonist)18 or the a-conotoxin TxID (nicotinic antagonist)1® was applied in a
calcium imaging experiment. In all cases, ACh responses that were blocked by TxID (1 pM)
were also blocked by 3. On the contrary, ACh responses that were blocked by atropine (0.5
UM; in glia and some neurons) were not blocked by 3. Taken together, these results indicate
that 3 is an nAChR antagonist.

Agonists and positive allosteric modulators of nAChR subtypes a4p2, a6p4, and a7 are
analgesic in various animal models, as are antagonists of a9a10.29-26 To identify the
specific NAChR subtype composition modulated by 3, we performed calcium imaging
experiments, and individual cells whose responses to ACh were blocked by 3 were picked
for single-cell transcriptomic analysis. We found that nAChR genes encoding subunits
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a3 (Chrna3), a6 (Chrna6), 3 (Chrnb3), p4 (Chrnb4), and B2 (Chrnb2) are significantly
expressed in neurons that respond to 3 (Figure S37). At 1 uM, TxID should completely
block both the a3p4 and the a6p4 NAChR subtypes, supporting the activity of 3 as an
antagonist of one or both receptors.

Previous studies have shown that DRGs functionally express the a7 nAChR.28-30 To observe
the calcium transients elicited by the opening of a7 receptors, we applied the positive
allosteric modulator PNU 120596 before depolarization with ACh. Molleamine C (3) was
inactive against the elicited a7 nAChR activity (Figure S38).

To assess the functional effects of 3 on both a.3p4 and a6p4 nicotinic acetylcholine
receptors (NAChR), the compound was applied to Xenopus laevis oocytes expressing a.3-
and a6-containing nAChRs, measuring the responses to acetylcholine (ACh) at 100 pM. The
compound exhibited partial antagonism of ACh-evoked currents mediated by mouse a3p4
NAChR and rat a6/a3p4 nAChR, with ICgq values (and 95% confidence intervals) of 1.43
(0.4 -5.1) pM and 3.10 (1.9 — 5.0) uM, respectively (Figure 4). The partial block of a3p4
and a6/a3p4 plateaued at approximately 76% and 82%, respectively. Although 3 is a partial
antagonist of the receptors, it exhibits complete block of calcium flux in PNs because the
cells are unable to achieve the ion concentration necessary to induce depolarization in the
assay conditions.

2.4 Molleamine C (3) blocks ACh signaling in the sympathetic nervous system.

Because a.3- and a6-containing neurons are found in several important cell types in the
peripheral nervous system, we aimed to determine the impact of 3 in those neurons. We
performed constellation pharmacology assay using primary cultures of superior cervical
ganglion (SCG) cells, which are involved in the fight-or-flight response. SCGs contain
abundant a.3p4-containing nAChRs, with a lower number of other nAChR types.3!
Consistent with this observation, in our hands almost all SCGs responded to ACh (300

UM) by depolarization and influx of calcium (Figure 5). When treated with 3 (20 uM), the
influx of calcium was blocked in essentially all SCG neurons. This block was only complete
in a subset of neurons, and partial block was observed in 95 % of ACh-responding neurons,
consistent with a mixture of nAChR subtypes, not all of which respond to 3, in this cell
population. This data reinforce the primary role of 3 as a partial antagonist of a3p4 and
ab/a3p4 nAChRs. This also represents the first application of constellation pharmacology
to the sympathetic nervous system, showing the broad utility of the method in differentiating
cells and investigating mechanism of action of neuroactive drugs.

2.5 Molleamine C (3) indirectly blocks P2Y1 signaling in A8-LTMRSs.

At concentrations between 6.7 UM and 180 pM, 3 modestly but selectively blocked ATP
signaling in AS-LTMRs (Figure 6A). Single-cell transcriptomics revealed the purinergic
receptor P2Y1 as the major potential target in AS-LTMRs.32 A selective P2Y1 agonist,
MRS 2365,33 was applied to DRG neurons, leading to selective, robust depolarization of
A8-LTMRs (Table S3). Molleamine C (3) at 20 and 180 pM selectively blocked the effect
of MRS 2365 (Figure 6B), indicating selective activity against P2Y1-mediated signaling in
mouse A8-LTMR neurons. However, 3 did not inhibit human P2Y1 in HEK293 cells, and
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P2Y1 is distributed in several cells in the DRG that were not blocked by 3, indicating that
P2Y1 itself is not blocked in AS-LTMRs, and instead the inhibition is due to an indirect
effect provoked by 3.

2.6 Preliminary in vivo evaluation of molleamine C (3)

Because of the effects of 3 dampening signals in pain relevant neurons PNs and AS-LTMRs,
we assessed the impact of 3 on both acute and persistent pain perception in mice using a
formalin assay.3# Compared with the vehicle, 5 mg/kg and 20 mg/kg doses of 3 decreased
the pain response in Phase | (p<0.05). The highest dose of 3 at 30 mg/kg modestly
attenuated the pain responses in both Phase I and Il at p=0.06 (Figure 7). The biphasic
response in the formalin test is believed to reflect the direct activation of primary afferent
sensory neurons (Phase 1) and sensitization of the central nervous system in combination
with inflammatory factors (Phase 11).35-37 Therefore, the effects of 3, if supported by further
studies, might be caused by both peripheral and central mechanisms. These results should be
viewed as preliminary, as much more work is required to determine whether 3 has analgesic
potential in therapy and to connect our observed molecular mechanisms to any /n vivo
activity.

Stability of 3 was monitored in mouse blood plasma over 24 hours. No degradation was
detected within an hour, but after 16 hours significant degradation of 3 (>50%) was observed
(Figure S39). These data suggest that the majority of 3 remained intact over the course of the
formalin experiment. No acute toxicity was observed at the chosen highest dose. However,
mortality was observed in mice at doses above 45 mg/kg. The compound was found to have
a cytotoxic effect in human embryonic kidney (HEK-293) cells with 1C5q = 54 UM, meaning
that it is essentially inactive in this assay (Figure S40). Moreover, 3 did not cause toxicity to
juvenile zebrafish at doses up to 100 uM, although a hyperactive phenotype was observed at
doses as low as 30 uM (Figure S41).

3. CONCLUSIONS

Our previous work with DRG neurons led to the identification of several families of

active marine natural products that we have investigated for antinociceptive efficacy.38-40
In the course of this work, we identified several hits that seemed to target only a small
subset of cells, but we had no framework to identify those cells, leading us to develop
constellation pharmacology. Here, we show the power of constellation pharmacology to
rapidly identify cell-type selective agents with therapeutic promise. Although A5-LTMRs
constituted < 2% of DRG neurons, we could immediately assess the selective impact of 3-5
in blocking ATP-triggered, P2Y 1-based depolarization of that neuronal subclass. Although
ACh-responsive cells were <4% of the DRG neurons, selective block of ACh in peptidergic
nociceptors was immediately apparent. Because both neuronal subclasses are important in
pain conditions, we are currently assessing the potential of 3 as a neuroactive agent in
analgesia and anesthesia.

The effects of 3as an a3p4 and a6/a3p4 nAChR partial antagonist were clearly elucidated
using a combination of electrophysiology and constellation pharmacology. Where those
receptors were dominant in neurons, almost complete block of calcium flux could be
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observed, but when those receptors were absent or other receptors were dominant partial

or no block was seen. Although there are countless nAChR-acting drugs and ligands, there
are few close analogs of 3 in the literature in terms of biological activity. For example,
nAChR agonist AT-1001 has been extensively studied.*1: 42 Although it was initially
described as a selective a.3p4 partial antagonist,*! more recent data reveal that it is a

weak partial agonist that is competitive with ACh, while our data definitively rule out that
possibility for 3. Its physiological actions on animals are quite different than what we have
observed for 3. There is also a growing list of marine natural products targeting nAChRs,
including compounds from algae, tunicates, sponges, mollusks, dinoflagellates, bryozoans,
and corals.*3-4% However, none of these agents exhibit the selectivity shown by 3. Most of
them target neuromuscular nAChRs primarily and thus cause acute toxicity in vertebrates,
whereas 3 only showed lethality in mice at doses greatly elevated above the a3p4 and
ab/a3p4 nAChR partial antagonist activities, and no evidence of lethality in fish despite
provoking a strong hyperactive response even at low doses. These results demonstrate that 3
has a different set of biological actions than previously characterized nAChR-targeted small
molecules from the ocean.

In this study, we show that previously unknown compounds molleamines are widely
distributed in D. molle tunicates, and that the most potent compounds are likely concentrated
in the diet of A forskalii, where they may serve as defensive metabolites. Our ability

to focus on neuronal cell-type selectivity led to identification of molleamines as novel
neuroactive compounds. The chemical simplicity of these polymeric compounds, as well as
our development of a robust synthesis, makes them accessible for future structure-activity
relationship studies to assess the pharmaceutical potential of this new chemical class of
neuroactive compounds more fully.

4. METHODS

4.1 General Experimental Procedures.

The UV data were acquired using a Thermo Scientific Evolution 201 UV-VIS
Spectrophotometer. IR spectra were recorded using a Nicolet iS50 FT-IR spectrometer.
NMR data were collected using either a Varian INOVA 500 spectrometer operating at 500
MHz for 1H and 125 MHz for 13C, and equipped with a 3mm Nalorac MDBG probe with
a z-axis gradient; or a Varian INOVA 600 spectrometer operating at 600 MHz for *H and
150 MHz for 13C NMR, and equipped with a 5 mm *H[13C,15N] triple resonance cold probe
with a z-axis gradient. NMR shift values were referenced to the residual solvent signals
(DMSO-dg & 2.50, 8¢ 39.5). UPLC-gTOFMS-MS/MS analysis of the compounds were
performed on a Waters Acquity UPLC system coupled to a Waters Xevo G2-XS qTOF
equipped with an ESI source. HPLC separations were performed using a Thermo Scientific
Dionex WPS-3000 HPLC system equipped with a Photodiode array detector. Unless stated
otherwise, all reagents and solvents were purchased from commercial suppliers and were
used without further purification.
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4.2 Biological Material and Gene Sequencing.

P, forskalii was collected by hand using SCUBA in April 2018 (specimen S1-223L) in
Solomon Islands (S 09° 22.891" E 159° 52.428”). The freshly collected sample was kept
frozen at —20 °C until use. The DNA was extracted from a small portion of the sample (~25
mg) using the Qiagen DNeasy kit. The mitochondrial COXI genes were amplified using
Folmer’s universal COXI primers LC0O1490 (5’-GGT CAA CAA ATC ATA AAG ATATTG
G) and HCO2198 (5’-TAA ACT TCA GGG TGA CCA AAA AAT CA).%0 The polymerase
chain reaction was performed using a master mix consisting of 38 uL H,0, 5 uL 10x PCR
buffer (High Fidelity Buffer, Invitrogen), 1.5 uL 50 mM MgCl,, 1 uL 10 mM LC0O1490
primer, 1 pL 10 mM HCO02198 primer, 1 uL 10 mM dNTP mix, 0.5 uL 5U/uL Platinum
Tag DNA Polymerase High Fidelity (Invitrogen) and 2 pL 0.25 ng/pL template DNA. PCR
conditions were as follows: hot start (94 °C/2 min), 39 cycles of [94 °C/30 s, 45 °C/30

s, 72 °C/2 min], and extension (72 °C/10 min). The PCR product was gel purified using

the Qiagen QIAquick kit and Sanger sequenced (Genewiz). The COX1 gene sequence was
submitted to GenBank (accession number M\W663488).

4.3 Extraction and Isolation.

The frozen sample (50 g wet weight) was thawed, diced, and exhaustively extracted with
ethanol. The extract was dried /7 vacuo and partitioned between H,O (100 mL) and CHCl3
(100 mL x 3). The CHCI3z-soluble extract was purified using reversed-phase HPLC with a
Phenomenex Luna Cqg column (250 x 10 mm) and a linear gradient from 20% to 100%
CH3CN in H,0 (0.1% TFA) over 20 min at 3mL/min flow rate. Resulting fractions were
further purified using reversed-phase HPLC with a Phenomenex Luna Cyg column (250 x 4
mm) with a linear gradient from 20% to 50% CH3CN in H,O (0.1% TFA) over 40 min at 1
mL/min flow rate to give compounds 1 (1.5 mg), 3 (4.0 mg), 4 (1.8 mg) and 5 (0.7 mg). One
further fraction was purified using the same C1g column with a linear gradient from 5% to
100% CH3CN in H,0 (0.1% TFA) over 40 min at 1 mL/min to yield compound 2 (0.6 mg).
Overall yield: 0.017% of wet weight.

Molleamine A (1): colorless amorphous solid; UV (CH30H) Apayx (log €) 207 (4.2) nm; IR
Vmax 3290, 3061, 2919, 2849, 1678, 1532, 1445, 1207, 1138 cm™L; 1H and 13C NMR, Table
1; HRESIMS m/z269.1656 [M+H]* (calcd for C17H21N,O*, 269.1649).

Molleamine B (2): colorless amorphous solid; UV (CH30H) Amax (Iog €) 206 (3.6) nm; IR
vmax 3280, 3061, 2919, 2848, 1678, 1537, 1445, 1207, 1140 cm~11H and 13C NMR, Table
1; HRESIMS m/z285.1603 [M+H]" (calcd for C17H»1N,O,*, 285.1598).

Molleamine C (3): colorless amorphous solid; UV (CH3CN) Amax (log ) 205 (4.7) nm; IR
vmax 3272, 3063, 2910, 2846, 1682, 1538, 1446, 1206, 1139 cm~11H and 13C NMR, Table
1; HRESIMS m/2416.2345 [M+H]" (calcd for CogH3gN30,*, 416.2333).

Molleamine D (4): colorless amorphous solid; UV (CH3CN) Amax (Iog €) 206 (3.9) nm; IR
vmax 3305, 2918, 2849, 1682, 1539, 1447, 1211, 1143 cm™1 1H and 13C NMR, Table 1;
HRESIMS /m/2563.3022 [M+H]* (calcd for C35H3gN403", 563.3017).
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Molleamnine E (5): colorless amorphous solid; UV (CH3CN) Amax 209 nm; IR vipax 3308,
2918, 2846, 1682, 1580, 1446, 1210, 1143 cm~1 1H and 13C NMR, Table 1; HRESIMS m/z
710.3719 [M+H]* (calcd for C44H4gN504*, 710.3701).

4.4 Synthesis of Molleamine A (1).

To an ice-cold solution of 2-(2-aminoethyl)benzoic acid (190 mg, 0.94 mmol) dissolved in
10% Na,CO3 (10 mL) was added A-(9-fluorenylmethoxycarbonyloxy)succinimide (250 mg,
0.75 mmol) in acetone (10 mL). The mixture was stirred overnight at rt. The solution was
dried /n vacuo to remove the acetone, and the remaining aqueous portion was acidified to
pH=2 with addition of 6N HCI and stirred for 1 h. The precipitate obtained was repeatedly
washed with deionized H,O and air dried. To the reaction product (240 mg) dissolved

in dichloromethane (20 mL, cooled to 0 °C) was added in order HOBt (120 mg, 0.91
mmol), DIEA (120 mg, 0.91 mmol), phenethylamine (88 mg, 0.73 mmol), and a solution

of EDC-HCI (180 mg, 0.91 mmol) in dichloromethane (20 mL). The mixture was stirred
overnight at rt. Water (20 mL) was then added, and then the dichloromethane layer was
collected, dried with Na;SQy, and concentrated /n7 vacuo. The resulting residue was stirred
in 20% piperidine in DMF (5 mL) for 5 min, dried, and purified via reversed-phase HPLC
using Phenomenex Luna Cqg column (250 x 10 mm) with a linear gradient elution from
20% to 25% CH3CN in H,0 (0.1% TFA) over 20 min at 3.5 mL/min to yield 1 (117 mg,
46% yield): 'H NMR (500 MHz, DMSO-d) 84 8.56 (1H, t, J= 5.4 Hz), 8.03 (3H, brs), 7.42
(1H, m), 7.30-7.33 (5H, m), 7.26 (2H, d, J= 7.4 Hz), 7.22 (1H, t, J= 7.1 Hz), 3.49 (2H, td,
J=17.3,5.4 Hz), 3.04 (2H, m), 2.93 (2H, m), 2.86 (2H, t, J= 7.3 Hz); 13C NMR (125 MHz,
DMSO-dg) 6¢ 168.9, 139.4, 137.0, 135.3, 130.3, 129.9, 128.7(x2), 128.4(x2), 127.4, 126.8,
126.2, 40.6, 40.2, 34.9, 31.0; HRESIMS m/z 269.1650 [M+H]* calcd for C17H»1N,O,
269.1649). Chromatographic co-elution of the natural with the synthetic compound showed
a uniform peak (Figure S25).

4.5 Synthesis of Molleamine C (3).

To an ice-cold solution of 2-(2-aminoethyl)benzoic acid (150 mg, 0.74 mmol) dissolved in
10% Na,CO3 (10 mL) was added A-(9-fluorenylmethoxycarbonyloxy)succinimide (209 mg,
0.62 mmol) in acetone (10 mL). The mixture was stirred overnight at rt. The solution was
dried /n vacuoto remove the acetone, and the remaining aqueous portion was acidified to
pH=2 with addition of 6N HCI and stirred for 1 h. The precipitate obtained was repeatedly
washed with deionized H,0 and air dried. To the reaction product (48 mg) dissolved in
dichloromethane (4 mL, cooled to 0 °C) was added in order HOBt (25 mg, 0.19 mmol),
DIEA (24 mg, 0.19 mmol), molleamine A (40 mg, 0.15 mmol) in dichloromethane (1 mL),
and a solution of EDC-HCI (36 mg, 0.19 mmol) in dichloromethane (5 mL). The mixture
was stirred overnight at rt. Water (10 mL) was then added, and the dichloromethane layer
was collected, dried with Na,SOg4, and concentrated /7 vacuo. The resulting residue was
stirred in 20% piperidine in DMF (1 mL) for 5 min, dried, and purified via reversed-phase
HPLC using Phenomenex Luna Cqg column (250 x 10 mm) with an isocratic elution at
32% CH3CN in H,0 (0.1% TFA) for 17 min at 3.5 mL/min to yield 3 (43 mg, 69% yield).
The residue obtained was then subjected to reversed-phase HPLC to yield 3: 1H NMR (500
MHz, DMSO-dj) 6y 8.67 (1H, t, J=5.2 Hz), 8.48 (1H, t, J= 5.6 Hz), 8.01 (3H, brs),

7.41 (1H, m), 7.40 (1H, m), 7.35-7.26 (9H, m), 7.21 (1H, t, J= 7.1 HZz), 3.49 (4H, m),

ACS Chem Neurosci. Author manuscript; available in PMC 2022 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paguigan et al.

Page 12

3.04 (2H, m), 2.93 (2H, t, J=7.3 Hz), 2.92 (2H, t, J=7.1 Hz), 2.86 (2H, t, J= 7.3

Hz) ; 13C NMR (125 MHz, DMSO-dj) 8¢ 169.4, 169.0, 139.5, 137.3(x2), 136.9, 135.6,
130.5, 130.2, 130.0, 129.5, 128.8(x2), 128.4(x2), 127.5, 127.2, 126.8, 126.2(x2), 41.0, 40.6,
40.3, 35.0, 32.1, 31.1; HRESIMS m/z 416.2332 [M+H]* calcd for CogH3gN30,*, 416.2333).
Chromatographic co-elution of the natural with the synthetic compound showed a uniform
peak (Figure S29).

4.6 Metabolomics Analysis.

UPLC-MS and MS/MS analyses of 21 tunicate and single mollusk specimens were done
using an Agilent 6530 Q-TOF mass spectrometer with a Kinetex C1g column (2.6 y, 100
A, 100 x 4.6 mm, 1 mL/min) and a gradient from 5 to 100 % MeCN in 20 min. The raw
LC-MS/MS data were converted to mgf format using MassHunter. The mgf version of the
data was then submitted to molecular networking analysis using the GNPS web site.? with
the standard parameter and MSCluster option turned off. The output result was visualized
using Cytoscape v3.7.52

4.7 Animals.

All experiments involving the care and use of animals were conducted in accordance with
ethical guidelines that were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Utah, Charles River Laboratories-Montreal IACUC, and the
USA National Research Council and the Canadian Council on Animal Care (CCAC). In
the formalin test male C57BL/6 mice (20-30 g, 6-8 weeks old, Charles River Laboratories,
Canada) were acclimated for 5 days in the laboratory environment before the start of
treatment.

4.8 Cell Culture and Calcium Imaging of Cultured DRG and SCG cells.

Descriptions of DRG and SCG cell preparation and calcium imaging protocols have been
described in detail previously.>3-57 Briefly, lumbar DRG neurons were harvested from a
CGRP-green fluorescent protein (GFP) mouse in a CD-1 genetic background. In these
transgenic mice, PNs in the sensory neuronal population can be tracked through GFP
expression. DRG neurons were dissociated by trypsinization and mechanical trituration and
were subsequently plated onto a 24-well poly-D-lysine-coated plate. DRG neurons were
cultured and incubated overnight at 37 °C, in a 5% CO,, tissue culture incubator and with
0.7 mL minimum essential medium (MEM, pH = 7.4) supplemented with 10% fetal bovine
serum, penicillin (100 U/mL), streptomycin (100 ug/mL), 10 mM HEPES, and 0.4% (w/v)
glucose.

The cultured cells were incubated with Fura-2-acetoxymethyl ester (Fura-2-AM; Molecular
Probes; 2.5 uM) in MEM (0.7 mL) at 37 °C for 1 h and equilibrated at room temperature 0.5
hour prior to imaging. The MEM solution was then removed and the cells were washed three
times (0.7 mL each) with observation solution (145 mM NaCl, 5mM KCI, 2mM CaCly, 1
mM MgCl,, 1 mM sodium citrate, 10 mM HEPES, and 10 mM glucose). Experiments were
performed at rt using fluorescence microscopy. In each calcium imaging experiment, >1000
cells were imaged simultaneously with individual cells treated as individual samples and
their individual responses analyzed. Changes in intracellular calcium level ([Ca2*];) while
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applying different pharmacological agents were measured by taking the relative ratio of
emissions at 510 nm resulting from the excitation of the Fura-2-AM dye at 340 and 380 nm.

In general, calcium transients were elicited by a ~15-s application of a pharmacological
agent/depolarizing stimulus as follows: the observation solution was aspirated from the well
via a peristaltic pump controlled by a microfluidic system, and then a 700 pL solution

of a depolarizing stimulus was added (either via pipet or the microfluidics system). After
~15-s incubation, the solution was replaced with observation solution in the same manner.
The observation solution was typically replaced three more times over the next ~50 s. This
washing procedure was repeated as needed at intervals ranging from 3 to 8 min.

Each DRG experiment was followed by sequential application of pharmacological agents
to identify neuronal cell classes. Pharmacological identifiers present in each experiment
included KCI (20 mM), xM-RII1J (1 pM), AITC (100 pM), menthol (400 uM), and
capsaicin (300 nM). At the end of the experiment, KCI (40 mM) was applied to assess
viability of neurons. All solutions used in the experiment were prepared with DRG
observation solution. Test compounds were dissolved in DMSO and diluted to the desired
concentrations with DRG observation solution (DMSO final concentration was kept at no
more than 0.1 % (v/v)).

After each DRG calcium imaging experiment, the cells were incubated with 0.7 mL Hoechst
stain (1000 pg/mL) for 5 min and then washed 3x with the observation solution. After this,
the cells were incubated with 0.7 mL Alexa-Fluor 647 Isolectin (2.5 pg/mL) for 5 min and
then washed 3x with the observation solution. Finally, a bright-field image, a GFP image to
visualize CGRP positive cells, and a Cy5 image to identify IB4-positive cells, were acquired
using a rhodamine filter set. Nis elements and CellProfiler>8 were used to acquire and create
ROIs and to extract cellular information, respectively. Video information and trace data
were extracted using in-house software built in Python and R language. Responses to the
pharmacological identifiers and characteristic IB4 and CGRP labeling were used to group
cells into different subclasses.16: 27

Work with SCG cells was performed similarly, except that pharmacological differentiating
agents were not used to classify the cell types. Our functional data shows that neurons in
SCG are predominantly cholinergic, which is consistent with previous literature reports.

4.9 Functional Classification of Dorsal Root Ganglion Neuronal Subclasses.

Cell types are differentiated into 16 discrete types as follows. Cells with a cross-sectional
area >500 pum? are classified as large (L), and cells with <500 um? cross-sectional area are
divided into those that are CGRP-GFP positive (G), IB4 positive (R), or negative to both
(N). L cells that are CGRP-GFP positive are further divided into those that do (L5) and do
not (L6) respond to conotoxin RIIIJ. L cells that are CGRP-GFP negative are divided in
those that do not (L4) or do respond to conotoxin RI11J; the latter are further divided into
those without a direct effect to R111J (L3) and those that do have a direct effect (L1 and

L2); the shape of the direct effect differentiates L1 (proprioceptors) and L2 (A5-LTMRs), as
previously reported.16

ACS Chem Neurosci. Author manuscript; available in PMC 2022 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paguigan et al.

Page 14

G cells are divided by their response to menthol: positive (G7), or negative; the negatives
are further divided by whether they are capsaicin responsive (G8; peptidergic nociceptors),
AITC responsive (G10), or respond to both (G9).

R cells are differentiated based upon their response to capsaicin (R11), AITC (R13,
nonpeptidergic nociceptors), or both (R12). N cells are recognized based upon their response
to capsaicin (N16), menthol (N15, thermosensors), or neither (N14, C-low threshold
mechanoreceptors).

4.10 Dose-Dependent Effect of 3 on ATP-Induced Depolarization in DRG Neurons.

The cells were depolarized by two ~15-s applications of ATP (20 uM). After the second
depolarization, the cells were incubated for 8 min with 6.7 uM, 20 uM, 60 uM, and 180

UM of 3 at times 13, 23, 33, and 43 min, respectively. Each incubation with 3 was followed
by application of ATP to determine the effect of 3 on the responses of the neurons to
depolarization. A final application of ATP at 61 min was done to determine the reversibility
of the responses of the cells to depolarization in the presence of 3. This experiment was
repeated twice (36-day old male and female mice) with a total of about 3,600 DRG neurons.

4.11 Dose-Dependent Effect of 3 on MRS-2365-Induced Depolarization in DRG Neurons.

The cells were depolarized by two ~15-s applications of MRS-2365 (100 nM). After the
second depolarization, the cells were incubated for 8 min with 6.7 uM, 20 pM, 60 uM, and
180 uM of 3 at times 13, 23, 33, and 43 min, respectively. Each incubation with 3 was
followed by ~15s application of MRS-2365 to determine the effects of 3 on the responses

of the neurons to depolarization. A final application of MRS-2365 at 61 min was done to
determine the reversibility of the responses of the cells to depolarization in the presence of 3.
This experiment was repeated twice (36-day old male and female mice) with a total of about
3,100 DRG neurons.

4.12 Constellation Pharmacology of 3 on Acetylcholine-Induced Depolarization in DRG

Neurons.

A ~15-s application of 30 mM KCI was done at the start of the calcium imaging experiment.
This was followed by two consecutive ~15-s applications of acetylcholine (ACh, 1 mM).
After the second application of ACh, the cells were incubated for 4 min with 0.2 yM, 2 pM,
and 20 pM of 3 at times 15, 21, and 27 min, respectively and with 500 nM atropine and 1
UM TxID at times 39 and 51 min, respectively. Each incubation with the test compounds was
preceded and followed by a ~15-s application of ACh. This experiment was done twice on

a 34-day old male mouse (2 technical replicates; 1 biological replicate) with a total of 2,400
DRG neurons and 5000 glia.

4.13 Constellation Pharmacology of Compounds 1-5 with ATP-Induced Depolarization.

The ~15-s application of 20 uM ATP was used to induce depolarization in the cells. The
cells were incubated for 8 min twice with 20 pM of the test compound at times 13 and 33
min. Compounds 1-5 were tested in different wells and repeated in two calcium imaging
experiments on 29 to 34-day old male and female mice with at least 1,000 DRG neurons per
well.
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4.14 Constellation Pharmacology of Compounds 1-5 with KCl-Induced Depolarization.

A ~15-s application 30 mM KCI was used to induce depolarization in the cells. The cells
were incubated for 4 min twice with 10 uM of the test compound at times 9 and 27 min.
Compounds 1-5 were tested in different wells, and the experiment was done once for each
compound on 42 to 44-day old male and female mice with at least 1,000 cells per well.

4.15 Constellation Pharmacology of 3 Targeting the a7 NAChR.

The cells were depolarized by two ~15-s applications of ACh (1 mM). After the second
application of ACh, the cells were pre-incubated for 4 min with 1 uM PNU 120596 at

times 9, 15, 33, 45, 51 min followed by a ~15-s co-application of ACh and PNU 120596

at times 13, 19, 25, 31, 37, 43, 49, and 55 min. 3 (20 uM) co-applied with PNU 120596

(1 uM) was incubated with the cells for 4 min at times 21 and 27 min. The a-conotoxin
ArIB[V11;V16D] (200 nM) co-applied with PNU 120596 (1 pM) was incubated with the
cells for 4 min at 39 min. This experiment was repeated twice (31-day old male mouse) with
a total of about 2,000 DRG neurons.

4.16 Constellation Pharmacology of 3 on Acetylcholine-Induced Depolarization in
Superior Cervical Ganglion Cells.

A ~15-s application of 20 mM KCI was done at the start of the calcium imaging experiment.
This was followed by two consecutive ~15-s applications of acetylcholine (ACh, 300 uM).
After the second application of ACh, the cells were incubated for 4 min with 0.2 uM, 2 pM,
and 20 uM of 3 at times 15, 21, and 27 min, respectively and with 1 uM TxID at times 45
min, respectively. Each incubation with the test compounds was preceded and followed by
a ~15-s application of ACh. This experiment was done twice on a 25- and 42-day old male
mice with a total of about 1,000 neurons.

4.17 Single-Cell Transcriptomic Analysis.

Experiments were performed as described previously.16 Briefly, individual cells were
selected based upon their pharmacological response in the DRG assay, and then picked

up with a fire-polished glass pipette. The cells were lysed, and messenger ribonucleic acid
(mRNA) was reverse transcribed to generate complementary DNA (cDNA), which then
underwent whole-transcriptome amplification, all using the QlAseq FX Single Cell RNA
library kit according to the manufacturer’s protocol (Qiagen). The amplified cDNA was
used to construct a sequencing library for the lllumina NGS platform also using the QlAseq
FX kit. The amplified cDNA was fragmented to 300 bp in size, end repaired, and ligated

to adapters. A final cleanup was performed with Agencourt AMPure XP magnetic beads
(Beckman Coulter Life Sciences). The cDNA library was submitted to the Huntsman Cancer
Institute High Throughput Genomics Shared Resource for library control and sequencing.
Sequencing data were analyzed using in-house R scripts.

4.18 Calcium Imaging with HEK-293 Overexpressing GCaMP6s.

Calcium imaging experiments with HEK-293 (ATCC) overexpressing GCaMP6s (an
ultrasensitive fluorescent protein calcium sensor) were used to assay P2Y1 activation.
HEK-GCaMP6s cells were grown in DMEM:F12 (Invitrogen) containing 5% FBS, 0.3
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mg/ml G418, and 1x penicillin/streptomycin (Invitrogen). For calcium imaging experiments,
HEK-GCaMP6s cells were subcultured into 1% gelatin-coated 96-well cell culture plates
and grown to 80-90% confluence. Before imaging, the medium was replaced with LHC-9
medium (Invitrogen; Carlsbad, CA) containing 0.75 mM trypan red and, for antagonist
treatment wells, the P2Y'1 antagonist MRS2179 or molleamine C, and incubated for 30

min before assessing P2Y1 activation. The agonist MRS2365, used to activate P2Y1,

was prepared in LHC-9 at 3% concentration and added to cells at 37 °C as previously
described.59: €0 Calcium flux was detected using a NOVOstar fluorescent plate reader (BMG
LABTECH).

4,19 Formalin Test.

Male adult (6-8 weeks old; n = 8 per treatment group) C57BL/6 mice were placed in an
observation chamber for approximately 10 min for habituation before the start of the test.
Animals were pre-treated via intraperitoneal (i.p.) injection with compound 3 (5, 20, and 30
mg/kg) or vehicle (DMSO-polyethylene glycol (PEG) 400-phosphate buffered saline (PBS)/
1:6:13, 5 mL/kg) 10 min prior to formalin injection. Duloxetine (10 mg/kg, 10 mL/Kkg, i.p.)
was used as a positive control drug and was administered 30 min before formalin injection.
The mice then received intraplantar subcutaneous injection of 5 % formalin (in 30 pL
phosphate buffered saline solution) into the left hind paw and were placed immediately back
in the observation chamber. Formalin-evoked spontaneous nociceptive behaviors, including
flinching, shaking, biting and licking of the injected paw in the mice, were then recorded
for 0-60 min using a commercial camcorder. Nociceptive behaviors in the mice were scored
using the recorded video files and assessed in the following bins: 0-5 minutes from early
phase (Phase 1) and 20-35 minutes from late phase (Phase I1). Animals were euthanized
immediately at the end of the study. Significance of drug effect versus vehicle were analyzed
by one-way ANOVA and Dunnet’s multiple comparisons test with Graphpad Prism 9.0.0
(Graphpad Software).

4.20 In Vitro Stability of 3in Mouse Plasma.

Fresh whole blood was collected from mice via cardiac puncture and transferred into tubes
pre-coated with 0.12 M EDTA. Plasma was isolated from the whole blood by centrifugation
at 1,500 x gfor 10 min at 4 °C and transferred into 1.5 mL microcentrifuge tubes. The
plasma was preheated to 37 °C prior to the start of the study. The reactions were initiated

by the addition of 3 dissolved in DMSO to 400 uL of preheated plasma to yield final
concentrations of 3 at 10, 30, and 100 uM (final DMSO concentration = 0.5%). The
experiments were performed in a dry bath incubator set at 37 °C, and the reaction for each
concentration was conducted in triplicate. Samples (50 uL) were taken at 0, 1, 4, 16, 24 h,
added to 200 uL. MeOH, mixed by vortexing for ~1 min and then centrifuged at 19,000 x g
for 10 min at 4 °C. The clear supernatants were analyzed by UPLC-qTOF-MS as follows:
an aliquot of the supernatant was diluted in methanol containing internal standard (40 pL
final volume), and 2 uL were loaded onto an Acquity UPLC HSS T3 (1.8 um, 2.1 mm x 100
mm) column. A linear gradient of 5%-100% CH3CN in H,O (0.1% formic acid) over 7 min
at 0.3 mL/min was used to elute the samples. The relative abundance of 3 at different time
points was calculated as normalized area under the curve with respect to internal standard
leucine enkephalin.
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Normalized areaof 3(X)
_ Areaunderthe curveof 3
" Areaunder the curve of internal standard

The percentage of 3 remaining in plasma at the individual time points relative to the 0

h sample was plotted versus incubation time (Figure S39). The approximate half-life for
the compound was determined from the obtained graph, in which 50% of the compound
remained.

4.21 Oocyte receptor Expression and Electrophysiological Recordings.

Methods describing the preparation of cRNA encoding human, mouse, and rat nAChR
subunits for expression of NAChRs in X. /aevis oocytes have been described in detail
previously.2* X. /aevis oocytes were microinjected with cRNA encoding the selected nAChR
subunits. Oocytes were incubated at 17 °C for 1-3 days in ND96 prior to use. Injected
oocytes were placed in a 30 pL recording chamber and voltage clamped to a membrane
potential of =70 mV. ND96 (96.0 mM NacCl, 2.0 mM KClI, 1.8 mM CaCl,, 1.0 mM

MgCl,, 5 mM HEPES, pH 7.5) with 0.1 mg/mL BSA was gravity perfused through the
recording chamber at ~2 mL/min. A one second pulse of ACh was applied to measure the
receptor response, with pulses occurring every minute. ACh was applied at a concentration
of 100 uM for all subtypes. A baseline ACh response was established, and then the ND96
control solution was switched to a ND96 solution containing the various concentrations

of compound 3 (0.67 uM, 2 pM, 6.7 uM, 20 pM). During perfusion of the compound-
containing solutions, ACh pulses continued once per minute to assess for block of the
ACh-induced response. ACh responses were measured in the presence of a compound
concentration until the responses reached steady state; an average of three of these responses
compared to the baseline response was used to determine percent response. To estimate the
ICsq value for inhibition of the ACh responses by 3, the normalized data were analyzed

by nonlinear regression and fit using a four-parameter logistic equation in Graphpad Prism
9.0.0 (Graphpad Software).

4.22 Zebrafish Photomotor Response (PMR) Assay.

Zebrafish (Danio rerio) were obtained from the Centralized Zebrafish Animal Resource
(CZAR) at the University of Utah. The zebrafish photomotor response assay to evaluate the
effect of the compounds was performed as described previously with modifications.51: 62
Briefly, larvae were loaded onto a 96-well plate format at 168 hours post fertilization, 10
fish per well with 10 mM HEPES buffered E3 medium and transferred into a Zebrabox
plate holder. Larval activity was tracked by using a Hamamatsu ORCA-ER camera mounted
on a Nikon TE200 microscope with a 1x objective. A 300 W xenon bulb housed in a

Sutter Lambda LS illuminator was used to deliver light stimuli and elicit PMR. The robotic
stage, digital video camera, and stimulus presentation were all automated via the Metamorph
Software (Universal Imaging). All experiments consisted of three minutes of acclimatization
in white light (pre-white light) followed by sample addition. The larvae were treated with
the compounds by spiking each well with the specified treatment and then thoroughly mixed
with a pipet. After sample addition, this was followed by 3 min of incubation with white

ACS Chem Neurosci. Author manuscript; available in PMC 2022 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paguigan et al. Page 18

light (post-white light), then 7 min strobe light (in dark and white light), 3 min in the dark
and 3 min white light and strobe light after 1 h. After 2 h, 7 min of strobe light, 3 min dark
and 3 min white light.

4.23 Mammalian Cytotoxicity Assay.

HEK-293 (ATCC CRL-1573) cells were cultured in Dulbecco’s Modified Eagle Media
(DMEM) supplemented with 10 % fetal bovine serum (FBS), 100 units of penicillin and
100 pg/mL of streptomycin under a humidified environment with 5% CO», 95% air at 37°C.
Cells were seeded in 96-well plates at a density of 10000 cells/well and treated after 24

h with varying concentrations of the test sample, positive control, and the solvent control.
After 72h, the media was removed and 15uL of 5mg/mL MTT reagent was added to each
well. This was then incubated for 3 h at 37°C, 5% CO,, and 95% air before addition of 100
uL DMSO. The absorbance was read at 570 nm using a microplate reader (Biotek Synergy
HT). ICsq values were then calculated using GraphPad Prism 9.0.0 based on a four-point
sigmoidal nonlinear regression analysis of cell viability vs log concentration of test sample.
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Figurel.
Molleamines isolated from the shell-less mollusk 2 forskalii, compared with previously

identified mollecarbamates and molleureas from £ forskalil's prey organism, the tunicate
D. molle. All compounds contain a repeating 2-(2-aminoethyl)benzoic acid (AEBA) moiety
(subunits A and B), capped with phenylethylamine or hydroxylphenylethylamine (subunit
C). Highlighting shows characteristic features that define each compound class.
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Figure 2.
AEBA-containing metabolites are widely distributed in D. molfe tunicates and their

predatory slug, P forskalii. A) A molecular network of AEBA-containing metabolites from
D. molle from the Solomon Islands. Nodes are colored according to type of compound
identified. Compounds 1-5 (blue circles) are also found in 2. forskalii. The size of the nodes
is proportional to the number of tunicate specimens in which the compound was identified.
B) Representative morphotypes of D. molle tunicates from the Solomon Islands, from which
the compounds shown in panel A were identified. C) Distribution of AEBA-containing
compounds shown in the network in panel A. The coloring scheme is identical to that used
in panel A. Molleamine compounds (blue) were first identified in the 2 forskalii specimen
described here, and they are widespread in the slug’s tunicate prey. Other mollureas (pink)
and mollecarbamates (yellow) are also found in many of the animals.
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Figure 3.
Constellation pharmacology of compounds 1-5 in DRG neurons. Descriptors L1-6, G7-10,

R11-13, and N14-16 refer to neuronal cell types found in the DRG,16: 27 but importantly
for this figure, G8 and G9 cells comprise pain sensors (PNs), while L2 cells are light touch-
responsive As-LTMRs. A) and B) Molleamine C (3) is a nAChR antagonist. Compound 3
(0.2-20 pM) was applied in experiments (n = 4) using ACh (1 mM), with an average of
~900 neurons observed per experiment. A) Average number of neurons with ACh response
blocked by 3 (20 uM). The y~axis shows the average number of neurons, while the x-axis
indicates neuronal cell type. B) Representative individual DRG neurons responding to ACh
(1 mM). The y-axis indicates intracellular [Ca2*], reflected in the normalized min/max
fluorescence ratio of 340 nM/380 nM from the Fura-2-AM Ca2* indicator. The x-axis is
time (min), where ACh (1 mM) is repeatedly pulsed (arrows), with incubation of increasing
concentrations of compound 3, muscarinic receptor antagonist atropine (0.5 uM), and
peptide NAChR antagonist TXID (1 uM). Inset figures show the bright-field image of the
corresponding cell (cross-sectional area in pm2). C) Compounds 3-4 selectively block ATP
activation in As8-LTMRs, while response to KClI is unaffected. Compounds (applied at 20
UM) are in the y~axis, while the x-axis is activity observed in each cell type: amplification
(A) of the response to ATP or KCI; blocking (B) of the response to ATP or KCI; and direct
effects (DE), in which compounds directly depolarize cells.
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Figure 4.
Compound 3 is a partial antagonist of NAChRs expressed in X. /aevis oocytes, as determined

by electrophysiology. The x-axis is log [3], while the y-axis is the response to ACh at
varying [3], in comparison to ACh without 3, given as the mean = SEM from at least

four separate oocytes. Ranges in parentheses are 95% confidence intervals. A) Mouse a3p4
NAChR, I1Csq 1.43 (0.4 — 5.1) uM, Hill slope 0.89 (0.20 -2.0). B) Rat a6/a3p4 nAChR, ICgq
1.4 (1.9 - 5.0) uM, Hill slope 1.3 (0.67 - 1.90).
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Figure5.
Constellation pharmacology indicates that 3 blocks ACh signaling in primary cultures of

SCG neurons. SCG cells were treated with ACh (300 uM), 3 (0.2, 2 and 20 uM, and TxID
(1 uM). A) Average number of neurons with ACh response blocked by 3 (20 uM) (n =

2). B) Representative individual SCG neurons responding to ACh. The y~axis indicates
intracellular [Ca2*], reflected in the normalized min/max fluorescence ratio of 340 nM/380
nM from the Fura-2-AM Ca2* indicator. The x-axis is time (min), where ACh (1 mM)

is repeatedly pulsed (arrows), with incubation of 3 and TxID. Inset figures show the bright-
field image of the corresponding cell (cross-sectional area in pm2).
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Figure 6.

Compound 3 inhibits P2Y1-mediated responses in A8-LTMR DRG neurons. The y-axis
indicates intracellular [Ca2*], reflected in the normalized min/max fluorescence ratio of 340
nM/380 nM from the Fura-2-AM Ca?* indicator. The x-axis is time (min), where A) ATP
(20 uM) or B) MRS 2365 (100 nM) activation is opposed by addition of (from 6.7 to

180 pM). Ligands used to differentiate cell types (Ko, potassium chloride (20 mM); RII1J
(1 uM); AITC (100 uM); M, menthol (400 uM); C, capsaicin (500 nM); K4q, potassium
chloride (40 mM)) are added at the end of the experiment. Inset figures show the bright-field
image of the corresponding cell (cross-sectional area in pm3).
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Figure7.

Compound 3 is antinociceptive in the formalin test. Male adult mice (n = 8 per group) were
pretreated with 3 (5 mg/kg, 20 mg/kg, 30 mg/kg, i.p), vehicle (5 mL/Kkg, i.p.) or the positive
control duloxetine (10 mg/kg, 10 mL/kg, i.p.). Formalin (5% in saline) was injected into the
left hind paw pad after dosing; nociceptive behaviors were recorded for 0-35 min. Phase

I represents the sum of time spent on nociceptive behavior in the first 5 min immediately
after formalin injection while Phase Il denotes the response period 20-35 min after injection.
Each animal is represented by a circle, and the average SEM is shown with error bars.
Significance in comparison to vehicle: *p<0.05, **p<0.01, ****p<0.0001. Compound 3
inhibited nociceptive behaviors in Phase | at doses 5 mg/kg (p<0.05), 20 mg/kg (p<0.05),
and 30 mg/kg (p=0.06) and in Phase Il at 30 mg/kg (p = 0.06).
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