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Transient receptor potential vanilloid type-1 (TRPV1) channel is a polymodal
receptor involved in pain perception and neuronal signalling that represents a
promising target for the development of analgesics and neuroprotective
agents. In this study we implement a combination of computational techni-
ques and targeted design of chemical libraries to discover benzothiophene-
substituted TRPV1 agonists with high affinity and efficacy toward TRPVL. In
vitro functional experiments show that prolonged or repeated exposure to
these compounds induce calcium-dependent desensitization of TRPVI1, mak-
ing it insensitive to noxious stimuli. We solve a cryo-electron microscopy
(cryo-EM) structure of human TRPV1 (hTRPV1) in complex with the most
promising benzothiophene-substituted agonist MSP20. The structure reveals
molecular details of MSP20 binding to the vanilloid site and a desensitized
conformation of hTRPV1, characterized by the closed ion channel pore, a-
helical C-terminus and distinct behaviour of annular lipids. Our in vivo
experiments demonstrate that MSP20 exhibits robust and long-lasting anti-
nociceptive activity with ex-vivo neuroprotective effects, supporting the per-
spective of benzothiophene-substituted vanilloids as future analgesics.

The capsaicin receptor or transient receptor potential (TRP) vanilloid
type-1 (TRPVI1) channel is involved in the perception of noxious che-
mical, thermal, and mechanical stimuli'. Being a polymodal sensor,
TRPVI represents a nociceptive and temperature-sensitive TRP chan-
nel (thermo TRP). Consistent with its role in pain perception, TRPV1 is
mainly expressed in central and peripheral capsaicin-sensitive neurons
of the brain, spinal cord and sensory ganglia. TRPV1 s also expressed in
non-neuronal cells, such as astrocytes, adipocytes, immune and mus-
cle cells?, indicating its involvement in numerous other physiological
and pathophysiological processes. Activation of TRPV1 induces the

release of various neuropeptides, which activate secondary spinal cord
neurons and elicit biochemical cascades in the peripheral tissue that
lead to neurogenic inflammation. Neurogenic inflammation can also
occur in the central nervous system (CNS) in response to neuroin-
flammatory events in the brain or spinal cord®. Paradoxically, pro-
longed or repeated stimulation of TRPV1 induces its calcium-
dependent desensitization, rendering the receptor insensitive to
common agonists, such as capsaicin, and other noxious stimuli, as well
as silencing the entire nerve terminal*’. This phenomenon provides
the basis for the topical use of capsaicin in the treatment of painful
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neuropathic conditions® and paves the way for the development of
analgesics endowed with long-lasting pain-relieving activity’. More-
over, since capsaicin reduces brain oxidative stress, neuroinflamma-
tion and neuronal cell death, TRPVI-targeting molecules may be useful
for the treatment of various brain disorders®’.

Using in silico-guided rational drug design, we synthesized a
class of TRPV1 agonists'®. These compounds include fundamental
structural elements for triggering ligand-channel interaction'"?,
namely a 4-(5-substituted-thien-2-yl)butanoyl moiety in place of the
nonenoyl chain of capsaicin, an aromatic head bearing hydrogen
bond donor/acceptor groups, and the amide residue as a linker.
Lipophilic substituents, such as the iodine atom or a flat and freely
rotating pyridine/benzene ring at position 5 of the thiophene
nucleus, furnished several amides with high efficacy and affinity
toward TRPV1 compared to capsaicin'.

Here we present a useful strategy in drug discovery and devel-
opment, combining computational techniques and targeted design of
chemical libraries, which allows us to select lipophilic vanilloid com-
pounds with improved efficacy and selectivity toward TRPV1. Based on
the molecular docking and Molecular Mechanics - Generalized Born
Surface Area (MM-GBSA)" energy estimation to simulate and pre-
dictively refine the ligand-target interactions, we introduce ben-
zothiophene as a lipophilic structural component of the TRPV1 ligands.
Benzothiophene promotes hydrophobic interactions of agonists with
aromatic residues in the active site as well as improves affinity and
permeability of these compounds across the biological membranes.
We synthesize a series of 3-(benzo[b]thiophen-2-yl)propancarbox-
amides characterized by either the vanillyl moiety of capsaicin or by
aromatic amines with or without hydrogen bond donor/acceptor
groups in the para/meta-positions in the amidic portion. Our in vitro
functional experiments demonstrate that the synthesized
benzothiophene-substituted agonists induce calcium-dependent
desensitization of TRPVI, while our in vivo experiments confirm the
improved analgesic properties of the most promising compound 6,
MSP20, compared to 4-(5-substituted-thiophen-2-yl)butanamides,
without inducing thermoregulatory side effects. Likewise, we assess
the in vitro absorption, distribution, metabolism, and excretion
(ADME) properties of MSP20 and its safety profile. Since MSP20 dis-
plays reasonable physicochemical characteristics for crossing the
blood brain barrier (BBB), its potential neuroprotective activity is
investigated in rat brain slices, revealing significant TRPV1-mediated
neuroprotective effects. To highlight the molecular mechanism of
antinociceptive and potential neuroprotective activity, we solve a cryo-
EM structure of human TRPV1 (hTRPV1) in complex with MSP20, con-
firming binding of this compound to the vanilloid site, one of the most
common among numerous regulatory sites identified in TRP
channels'”. In addition, our structural analysis demonstrates that
MSP20 converts hTRPV1 into the desensitized state, thus providing a
template for the development of the next generation analgesics cap-
able of offering long-lasting pain relief and potential neuroprotection.

Results and discussion

Rational drug design

Recent structures of hTRPVI in the apo state or in complex with
potent analgesics'® have provided a template for exploring the
vanilloid binding pocket. As a first step, we analysed the binding
modes of the most promising compounds from our previous study
to guide rational modifications'. Molecular docking revealed that
compound 2a binds to the vanilloid site in a manner similar to cap-
saicin, forming a T-Tt interaction with Y511 and a hydrogen bond with
E570 via its hydroxyl group, while its carbamoyl oxygen also interacts
with Y511. In contrast, compound 3a reorients its hydroxyl group to
establish a hydrogen bond with N551, thereby losing the m-mt inter-
action (Supplementary Fig. 1). Since 2a exhibited higher affinity
towards TRPV1, whereas 3a demonstrated superior in vivo efficacy,

our next challenge was to refine the lead compound to balance the
activity and physicochemical properties'’. The lack of interactions in
the tail portion highlighted it as a key region for further optimization.
We therefore designed a library of derivatives based on the 2a-TRPV1
complex'®, aiming to enhance binding interactions and optimize
pharmacological potential. Using Ligand Designer, we systematically
modified the ligand to increase its binding affinity. In particular, 122
ring systems, including five- and six-membered rings as well as fused
heterocycles, were introduced to replace key regions of the ligand
(tail). Additionally, a linker containing 1 to 3 methylene units was
incorporated to evaluate the impact on flexibility between the lipo-
philic moiety and the vanilloid portion. The resulting 366 structures
underwent comprehensive computational and visual analysis to
assess their drug-likeness. Prior to docking, pharmacologically rele-
vant properties were evaluated to filter out unsuitable ligands and
exclude those containing reactive groups. Molecules with chiral
centres or violations of Lipinski’s Rule of Five or Rule of Three were
discarded. Only compounds predicted to show a qualitative CNS
activity”” were retained, specifically those with a CNS parameter >-1'%,
Furthermore, five compounds containing imine groups, which may
undergo hydrolysis, were removed from the dataset. This rigorous
filtering process ensured that only the most promising candidates in
terms of ADME properties advanced to the docking stage and further
optimization.

The refined library was then docked to the cryo-EM structure of
hTRPV1 in complex with SB-366791 (PDB: 8GFA) using the Glide
method (Schrodinger Release 2020-4: Glide, Schrodinger, LLC, New
York, NY) with the standard precision (SP) protocol, centring the grid
box on the bound ligand. To validate the docking protocol, we com-
pared the root mean square deviation (RMSD) values between the
experimental ligand pose and those generated by docking calculations,
achieving an RMSD of 0.4 A and a Glide GScore of —9.45 kcal/mol and
thus confirming the accuracy of our approach. Glide GScore values for
the screened compounds ranged from -6.6 to -10.2 kcal/mol. A subset
of 28 ligands with better scores compared to the re-docking threshold
was selected for further refinement and subjected to MM/GBSA ther-
modynamic analysis, including SB-366791 as a reference compound
(AGping =-91.42 kcal/mol). Three ligands showed superior binding
affinity and were assessed for synthetic accessibility (Supplementary
Table 1); the benzo[blthiophene derivative was prioritized due to its
straightforward synthesis and the commercial availability of its starting
acid (Fig. 1).

Chemistry and in vitro calcium uptake measurements

The synthetic procedure leading to compounds 2-9 was relatively
straightforward, as depicted in Table 1. Indeed, a series of selected
aromatic amines was condensed with 3-(benzo[b]thiophen-2-yl)pro-
panoic acid 1, using two different condensing systems, i.e., O-(benzo-
triazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate/1-
hydroxybenzotriazole (HBTU/HOBt) and N,N-diisopropylethylamine
(DIPEA) as the base in dry N,N-dimethylformamide (DMF), method A,
or N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide (EDC)/HOBt, in
dry dichloromethane (DCM) or acetonitrile (ACN), method B, when the
acid was coupled with the hydrochloride salt of the amine or with the
free amine, respectively. Amide 5 was also obtained by demethylation
reaction on the crude amide 4 using BBr; in refluxing dry toluene in
moderate yield. Title compounds 2-9 were obtained with acceptable
to high yields as cream or white solids after chromatographic
purification.

Functional effects of all final amides 2-9 on human recombinant
TRPV1 stably overexpressed in human embryonic kidney (HEK 293)
cells were evaluated using the Fluo-4-AM-based fluorescent measure-
ments of intracellular calcium. To assess the selectivity of the most
interesting derivatives, 2 and 6, the same in vitro assay was also applied
to rat TRPA1 (rTRPAL), which represents another principal transducer
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Fig. 1| Chemical design. Chemical features of capsaicin and 2D structures of synthesized amide derivatives, designed through a rational drug design approach targeting

the vanilloid-binding site of TRPV1.

of painful stimuli”®. Both hTRPV1 and rTRPA1 were activated by natural
agonists, capsaicin and allyl isothiocyanate (AITC), respectively.
Changes in intracellular calcium concentration ([Ca*];) were used as a
measure of compound-induced activation (ECso, the concentration of
the test compound exerting a half-maximal agonist effect) or inhibi-
tion/desensitization (ICso, the concentration exerting a half-maximal
inhibition of agonist-induced [Ca®']; elevation determined by measur-
ing the reduction of signal induced by 0.1 uM capsaicin for TRPV1 or
100 pM AITC for TRPALI after 5-min preincubation of cells with the test
compound). For the efficacy at TRPV1 and TRPAI, percent values were
normalized to the maximum value of Ca*" influx measured in response
to application of 4 uM ionomycin or 100 puM AITC, respectively (Sup-
plementary Fig. 2). The results of calcium uptake measurements are
summarized in Table 1.

The analysis of the functional assay results confirmed the
validity of introducing the 3-(benzo[b]thiophen-2-yl)propanoyl moi-
ety in place of the nonenoyl chain of capsaicin since all synthesized
compounds were able to activate TRPVL. Compounds 2, 5, 6, and 8
showed efficacy values equal or higher than 50% and, in particular,
derivatives 6 and 8, although less potent, behaved as strong TRPV1
agonists endowed with efficacy similar to that of capsaicin. The
most active compounds share a phenol moiety, although placed at
different distance from the amide functionality (see compounds 2, 5,
6, and 8). The natural substitution pattern, the vanillyl moiety, was
still optimal for TRPV1 activity providing the most effective and
potent derivative 6 (MSP20, efficacy 78.24%, ECso 46 nM). Moreover,
both compounds 2 and 6, i.e., MSP20, were unable to interact with
the TRPAI channel. To further test selectivity of the most interesting
compound MSP20, we tested its functional effects on rat
recombinant TRPV3, TRPV4 and TRPMS8 receptors, stably over-
expressed in human embryonic kidney (HEK-293) cells. Similarly to
experiments with TRPV1 and TRPA1, we estimated MSP20 activating
potency by measuring ECso (normalized to the maximum Ca* influx
effect on intracellular Ca** concentration observed with application
of 4 uM ionomycin) or inhibitory/desensitizing potency by measur-
ing ICso (determined against the effect of agonists, 100 pM thymol
for TRPV3, 10 nM GSK1016790A for TRPV4, or 0.25uM icilin for
TRPMS, after a 5-min preincubation with test compound). Remark-
ably, MSP20 appeared to be selective for TRPV1 (Supplementary
Table 2).

Viability and cytotoxicity assay

To establish the biological profile of the most interesting TRPV1 ago-
nist MSP20, its cytotoxicity and cell viability were evaluated either on
HaCaT (keratinocytes) or on HUVEC (endothelial) cell line, before
proceeding to ex vivo (brain slices) or in vivo (mice) studies. HaCaT
and HUVEC cells were treated with the increasing (0.1-10 uM) con-
centrations of MSP20 for 24 and 48 hours. The results indicated that
MSP20 did not modify lactate dehydrogenase (LDH) release (Supple-
mentary Fig. 3A-D) and did not induce significant cytotoxicity in both
cell lines at concentrations up to 10 uM (Supplementary Fig. 3E-H)
(p>0.05), proving to be well tolerated by HaCaT and HUVEC cells.

Protective role of MSP20 against ROS production induced by
glucose oxidase exposure in keratinocytes and endothelial cells
To evaluate a possible antioxidant effect of MSP20, the production of
reactive oxygen species (ROS) was measured both in HaCaT and
HUVEC cells exposed to glucose oxidase (GO) and treated with MSP20
at different concentrations (0.1-100 uM).

As shown in Fig. 2, MSP20 induced a reduction in ROS production
in both cell lines following a U-shaped concentration-response rela-
tionship. At concentrations of 0.1, 10, and 100 uM, MSP20 significantly
decreased ROS fluorescence intensity (P<0.001), whereas the 1 uM
concentration had no effect. These findings support the hypothesis
that MSP20, by counteracting GO-induced oxidative damage, may help
preserve redox homeostasis in keratinocytes and endothelial cells,
especially at concentrations where its effect is most pronounced.

In vitro absorption, distribution, metabolism, and excretion
(ADME) studies of MSP20

MSP20 is characterized by an acceptable thermodynamic aqueous
solubility (5.68 + 0.46 ug/mL, LogS -4.79), which is also confirmed by
the apparent permeability (P,pp) estimated using phosphatidylcholine
and brain polar lipids to mimic the gastrointestinal barrier (1.27 + 0.02)
and BBB (0.66 + 0.03). P,pp, values in both systems showed that MSP20
is characterized by low passive permeability, although more pro-
nounced for BBB, with a low membrane retention % (MR%), suggesting
that this compound is not particularly capable of interacting with the
phospholipidic bilayer, in agreement with the aqueous solubility data
(Supplementary Table 3). Furthermore, MSP20 exhibited excellent
metabolic stability, greater than 95%, in the presence of Human Liver
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Fig. 2 | Protective effect of MSP20 on oxidative stress-induced damage of
HaCaT and HUVEC cells. Cells were pretreated with MSP20 (0.1-100 pM) for
24 hours and then exposed to GO for 30 minutes. ROS were detected using the
DCFH-DA fluorescence assay (485 nm excitation/530 nm emission). Data are
mean = SEM (biological replicates HaCaT n =5, HUVEC n = 4; technical replicates
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4-5) and reported as a percentage value of GO, taken as 100%. Whiskers between
min to max; horizontal line median; + mean value; dots single points. Statistical
analysis: GO vs MSP20, one-way ANOVA and Bonferroni multiple comparisons test.
Source data are provided as a source data file.

Microsomes (HLMs) with a minimal metabolite formation (4.17%)
which could result from oxidation at the benzothiophene ring (Sup-
plementary Fig. 4). The value of plasma stability obtained for this
compound was higher than 91% after 24 h of incubation, in line with its
remarkably high half-life, highlighting once again the excellent stability
of MSP20 in biological matrices. The high in vitro stability values
indicate low susceptibility to microsomal metabolism and plasma
esterases, giving us a preliminary idea of how the compound might
behave in in vivo studies, where its exposure to more complex systems
could be influenced by additional pharmacokinetic factors, including
distribution, protein binding, and transporter-mediated clearance.

Neuroprotective activity of MSP20 in ex vivo assay

Modulation of TRPV1 can exert protective effects, particularly against
excitotoxic damage, by regulating calcium influx, reducing excessive
neuronal excitability, and mitigating the inflammatory responses,
thereby preserving cellular viability and function under neurotoxic
conditions®. The neuroprotective effects of MSP20 have been eval-
uated in rat brain slices, an ex vivo powerful model to study neuro-
protection as it preserves the complex architecture and functional
connectivity of neuronal circuits while allowing precise experimental
manipulation. Brain slices were exposed to glutamate (GLU) to induce
excitotoxic injury. This well-established paradigm of neuronal damage,
extensively validated in both cellular’®” and slice-based systems* %,
was selected because it recapitulates key pathological features
observed in stroke?, traumatic brain injury”, and neurodegenerative
disorders®. Exposure of the brain slices to GLU led to the significant
reduction in mitochondrial metabolic activity (slices viability) com-
pared to control (P<0.001), confirming the cytotoxic effects of GLU.
In the presence of MSP20 and GLU, we observed a neuroprotective
effect of MSP20, as demonstrated by a significant recovery of mito-
chondrial function compared to GLU treatment alone (P< 0.01). The
observed MSP20-mediated protection, however, should be inter-
preted as a global tissue-level effect, as the present data do not allow
discrimination = between neuronal, glial, or neuron-glia
interaction-dependent contributions. Moreover, the MSP20-mediated
effect followed a U-shaped curve, characterized by a neuroprotective
window of 10 nM-100 nM (Supplementary Fig. 5).
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**p =0.0079
T 1T
@
g 100 === °
S . *p =0.0390 , **p =0.0072
3 * p =0.0342 °
.
B3
z 80
z
3
> *** b = 0.0003 i
@
S
’ 60- Q
40 T T T T T T T
N > o
& & s@‘?’ K %;—9 < Qxe“’
& Sl S <v
> & S S
(<) 3 [od o~
o &

Fig. 3 | Effect of TRPV1 modulation on rat brain slice viability in the model of
glutamate-induced excitotoxicity. Slice viability is plotted as a percentage rela-
tive to the control (CTRL) condition, taken as 100%. CTRL, untreated control slices.
GLU, slices exposed to glutamate 60 mM to induce excitotoxic damage. TRPV1
ligands were used at the following concentrations: 10 uM of antagonist SB-366791
(SB), 0.1 uM of agonist capsaicin (CAPS) and 0.1 uM of agonist MSP20. Data are
mean + SEM, n =4 of biological replicates (3-6 technical replicates/experiment).
Whiskers between min to max; horizontal line median; + mean value; dots single
points. Statistical analysis: CTRL vs GLU, one sample ¢ test, two-tailed. Others: one-
way ANOVA and Bonferroni multiple comparisons test. Source data are provided as
a source data file.

To further investigate the mechanism underlying the neuropro-
tective effects of MSP20, we used the potent and selective TRPV1
receptor antagonist SB-366791", and compared the effects of MSP20
and SB-366791 to those of capsaicin (CAPS, Fig. 3). In GLU-treated
slices, CAPS exerted a significant neuroprotective effect that was not
reversed when SB-366791 was co-applied with CAPS, demonstrating
that TRPV1 activation is not fully required for the observed neuro-
protection. On the other hand, MSP20 significantly improved slice
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viability in GLU-treated slices, and this effect, being even greater than
that of capsaicin, was completely reversed by SB-366791 (Fig. 3),
confirming the involvement of TRPV1 in MSP20-mediated neuropro-
tection. The persistence of CAPS-mediated neuroprotection despite
TRPV1 antagonism may appear unexpected. However, previous studies
showed that in different cellular contexts and experimental models,
CAPS can act through both TRPVI-dependent and -independent
pathways®. Acting through these non-canonical mechanisms, CAPS
was reported to protect AF5 mesencephalic cells from NMDA-induced
toxicity?”’, enhance memory and synaptic plasticity in Alzheimer’s
disease models®, and exert anti-inflammatory effects in Parkinson’s
disease models®. In addition, it suppresses iNOS and COX-2 expression
in macrophages via NF-kB and AP-1 inhibition*, further supporting
TRPVI-independent signalling.

Moreover, CAPS exhibits robust antioxidant activity in DPPH and
ABTS assays (Supplementary Table 4), comparable to Trolox, whereas
MSP20, although active, shows lower potency on a molar basis. These
findings suggest that CAPS may provide neuroprotection partly
through its strong free radical-scavenging capacity®*>*, while MSP20
requires higher concentrations to achieve comparable antioxidant
effects. On the other hand, MSP20 protects brain slices from
glutamate-induced injury at 0.1uM, a concentration that is devoid of
antioxidant activity (ABTS and DPPH assays) or shows only minimal
activity in GO cell-based assays, suggesting that the neuroprotective
effects are likely independent from antioxidant mechanisms.

Taken together, these data indicate that TRPV1 activation confers
protection against excitotoxic damage in rat brain slices. The neuro-
protection induced by TRPVI1 agonists (MSP20 and CAPS) and its
reversal by TRPV1 antagonism (SB-366791) support a beneficial role of
TRPV1 signalling under excitotoxic conditions in this ex-vivo model.
Notably, CAPS appears to act through multiple mechanisms, including
TRPVI-independent antioxidant pathways, whereas MSP20-mediated
neuroprotection seems to be strictly dependent on the canonical
TRPV1 ion channel activation.

In vivo antinociceptive activity of MP20 in mice

Considering the results obtained in the in vitro and ex vivo assays, we
investigated the potential antinociceptive effect of the most interest-
ing derivative, compound MSP20, in vivo by studying the formalin-
induced nocifensive behaviour in mice. Mice received the sub-
cutaneous injection of vehicle (veh) in the dorsal surface of the hind
paw followed by formalin (Form, 1.25%, 30 pL) injection 10 min later.
Noxious behaviour was observed immediately after the formalin
injection and lasted for 0-10 min. The nocifensive behaviour was
characterized by the first phase that lasted 2.45+ 0.11 min. The first
phase was followed by the second phase of nocifensive behaviour,
reflecting the development of nociceptive sensitization in the dorsal
horn of the spinal cord®?. The nocifensive behaviour in the second
phase started 30 min after the formalin administration and lasted for
1.66 + 0.06 min. Subcutaneous administration of the highest and par-
ticularly the intermediate doses of MSP20 into the hind paw (0.015 pg/
paw and 0.15 pg/paw) significantly reduced the nocifensive behaviour
in the second phase (to 0.66 + 0.25min and 0.46 + 0.11 min, respec-
tively) compared to mice treated with vehicle (1.66 + 0.06 min). The
lowest dose (0.0075 pg/paw) did not show a pronounced significant
effect (1.61+0.18 min) in the second phase of the formalin test com-
pared to mice treated with the vehicle. Interestingly, co-administration
of the intermediate dose of MSP20 with IRTX, a TRPV1 antagonist,
abolished its anti-nocifensive effect (1.13+0.06 min) (F71e3,
322.3) =71.60 time; F(4,45)=16.85 treatment; F(48,540)=6.802 time x
treatment) (Fig. 4).

The results of the formalin test indicate that MSP20 exerts a sig-
nificant antinocifensive effect, markedly at the intermediate doses.
This suggests a non-linear, bell-shaped dose-response relationship, a
phenomenon observed with several TRPV1-targeting

compounds'®>¥*° and in agreement with neuroprotection experi-

ments in brain slices. A plausible explanation for this effect is the dual
role of TRPV1 in pain modulation. At intermediate doses, MSP20 may
preferentially desensitize TRPV1 channels, reducing the nociceptive
transmission and exerting analgesic effects. The lowest dose is possi-
bly not able to sufficiently desensitize the channel, whereas the highest
dose could have a pleiotropic effect on other unidentified targets. In
conclusion, the bell-shaped dose-response curve observed for MSP20
likely reflects the complex pharmacodynamics of TRPV1 modulation.
These findings highlight the importance of dose optimization in the
development of TRPVI-targeting analgesics to maximize efficacy while
minimizing the unintended pronociceptive effects.

Evaluation of the thermoregulatory effect of MSP20 in mice

To further characterize the physiological effects of MSP20, we eval-
uated its impact on body temperature regulation following sub-
cutaneous administration by using a rectal thermocouple probe*’. No
significant changes between the CTRL/Vehicle and CTRL/MSP20
treated group were observed at all time points (pre-treatment and 30,
60, 90, 120 and 150 minutes following the injection) indicating that the
compound does not interfere with thermoregulation homeostasis
(Supplementary Fig. 6A). To further characterize the long-term profile
of the compound under repeated administration, we measured body
temperature at days 1, 3, and 7. Again, no changes in body temperature
were observed in animals at any time point (Supplementary Fig. 6B).

MSP20 reduces tactile allodynia in a spared nerve injury (SNI)
neuropathic pain model

To further validate the analgesic properties of MSP20, we employed
the spared nerve injury (SNI) model of peripheral neuropathic pain.
The results of Von Frey test performed post SNI induction show that
the mechanical threshold in SNI/Vehicle group decreased as compared
to the CTRL/Vehicle group throughout the duration of the experiment
(P<0.0001). MSP20 subcutaneous repeated administration (7 days
starting from the day of the surgery) significantly reduced the tactile
allodynia (SNI/MSP20: 0.959 + 0.318, P=0.0045, as compared to SNI/
Vehicle group: 0.095 + 0.054). Interestingly, the MSP20 antiallodynic
effect was still detectable after stopping treatment (7 days after injury)
on both day 9 (SNI/MSP20: 0.763 + 0.251, P=0.0305 vs SNI/Vehicle:
0.095 g + 0.052) and day 12 (SNI/MSP20: 0.959 + 0.318, P=0.0045 vs
SNlNehiCle: 0.095 g+ 0.054) (F(4,28) =2111 x time, F(2’14) =16.34 x
treatment, Fg 47) = 5.610 time x treatment), while the effect was lost at
day 14 (Fig. 5).

As shown in Fig. 5, animals subjected to spared nerve injury (SNI)
exhibited a significant reduction in paw withdrawal thresholds com-
pared to the CTRL/Vehicle group throughout the observation period,
confirming the development of tactile allodynia. Treatment with
MSP20, continued until day 7 post-SNI, significantly attenuated SNI-
induced allodynia on days 7, 9, and 12 post-injury. Following the dis-
continuation of MSP20, its analgesic effect, still detectable at day 9 and
12, diminished, and paw withdrawal thresholds returned to levels
comparable to the SNI/vehicle group by day 14. This indicates that the
effect of MSP20 was treatment-dependent and reversible. These
findings demonstrate that MSP20 effectively alleviates mechanical
hypersensitivity in the SNI model. This action is consistent with TRPV1-
mediated desensitization mechanisms reported in other pain
paradigms.

Taken together, these findings suggest that MSP20 exerts its
antinociceptive and antiallodynic effects without inducing thermo-
regulatory side effects, supporting its favourable safety profile as a
TRPVI agonist.

Structure of hTRPV1 in complex with compound MSP20
We purified hTRPV1 in micelles of glyco-diosgenin (GDN) (see Meth-
ods), supplemented it with 200 pM MSP20 and subjected it to single-
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Fig. 4 | In vivo antinociceptive activity of MSP20 in mice. A Effect of vehicle (5%
DMSO in 0.9% saline) or different doses of MSP20 (0.0075 ug/paw, 0.015 ug/paw,
0.15 ug/paw, 30 pL) and the co-administration with IRTX (0.15 pg/paw) administered
on the dorsal surface of the hind paw 10 min before formalin (Form, 1.25%, 30 pL)
on the nocifensive response expressed in min. B Table showing the statistical

significance of the comparisons illustrated in the graph. Each time point represents
the mean + SEM of 10 mice per group. Two-way ANOVA followed by Dunnett’s post
hoc test. Effect estimates are presented with 95% confidence intervals (CI). Source
data are provided as a source data file.

particle cryo-EM. Data processing revealed a single class of particles
(Supplementary Fig. 7), which yielded a 2.6-A resolution 4-fold-
symmetrical 3D reconstruction (Fig. 6a, Supplementary Fig. 8, Sup-
plementary Table 6) with clearly resolved density for the protein,
annular lipids and four molecules of MSP20, one per hTRPV1 subunit
(Supplementary Fig. 9). We built a molecular model of hTRPV1ysp,0,
that includes an intracellular skirt mainly assembled of ankyrin repeat
domains (ARDs) connected by 3-stranded [3-sheets and a transmem-
brane domain (TMD), typical for the vanilloid family of TRP channels
(Fig. 6b). The TMD is contributed by six transmembrane helices
(S1-S6) and a re-entrant pore loop (P-loop) from each hTRPV1 subunit.
S5, P-loop and Sé6 represent pore domains that assemble into a cation-
selective channel in the middle of the TMD, while helices S1 through S4
form S1-S4 or voltage-sensing-like domains (VSLDs) that reside on its
periphery. Each one of four identical densities, one per subunit of
hTRPV1 tetramer, with the shape of an MSP20 molecule (Fig. 6c),
resides in the vanilloid binding site located in the TMD region that
faces the cytoplasmic leaflet of the membrane, at the interface
between S1-S4 and pore domains (Fig. 6d). The vanilloid site in TRPV1
is known to bind other agonists, like capsaicin and resiniferatoxin
(RTX), competitive antagonists such as capsazepine and SB-366791, as
well as phosphatidylinositol (PI) in the absence of ligands (apo
State)l4,16,42*46.

Validation of MSP20 binding to the vanilloid site in hTRPV1
using patch-clamp recordings

To assess the functional properties of human TRPVI in response to
MSP20, we performed patch-clamp recordings with rapid solution
exchange from HEK293T cells expressing wild-type (WT) TRPVL. Pro-
longed application of 100 M MSP20 produced a typical TRPVI-
mediated current, which after an initial fast increase underwent pro-
nounced reduction due to apparent desensitization (Fig. 7a,
Tdes=3.510.8s, N=4, mean = s.d.). The conditions of this functional
experiment were similar to those used for cryo-EM grid preparation
and indicate that TRPVI can adopt a desensitized conformation while
bound to MSP20. We next examined the concentration dependence of
TRPVI steady-state currents evoked by MSP20 (Fig. 7b). The data were
well fit by the Hill equation, yielding an apparent Hill coefficient of
2.7 +1.3, consistent with cooperative activation. The resulting ECso
value (2.5 + 1.8 uM) was higher than the reported ECs values for cap-
saicin measured in patch-clamp experiments with HEK293 cells'**’, in
agreement with our calcium-imaging measurements.

The difference between the ECsq values of MSP20 and capsaicin
obtained with the calcium fluorescence assay and the patch-clamp
method is thought to likely depend on the type of assay itself. Indeed,
the ratio between the capsaicin and MSP20 values obtained with the
two methodologies is very similar, with capsaicin being approximately
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Fig. 5| Effect of MSP20 on mechanical allodynia in the spared nerve injury (SNI)
mouse model. Mice were subjected to spared nerve injury (SNI) to induce neu-
ropathic pain and treated with MSP20 (7 mg/kg, subcutaneously) or vehicle (5%
DMSO in 0.9% saline). Tactile allodynia was assessed using the Von Frey test at
specified time points post-injury. Data are expressed as mean + SEM with seven
animals per group for each time-point of measurement. Inter-group differences
were analysed using a two-way mixed-effects model (REML) for repeated measures,

followed by Dunnett’s multiple comparisons test. Spared nerve injury induced a
mechanical hypersensitivity (from day 7 up to day 14: p < 0.0001, vs CTRL/Vehicle).
MSP20 increased the paw withdrawal threshold from day 7 up to day 12 post-drug
(day 7: p=0.0045; day 9: p=0.0305; day 12: p = 0.0045, vs SNI/Vehicle). P< 0.05
was considered statistically significant. *P < 0.05. **P < 0.01, vs SNI/Vehicle;

##p < 0.0001vs CTRL/vehicle. Effect estimates are presented with 95% confidence
intervals (CI). Source data are provided as a source data file.

an order of magnitude more potent than MSP20. Consistent with this,
the literature shows different ECsq values for capsaicin depending on
the method used for calcium measurements*’ ™,

To functionally interrogate the MSP20 binding pocket, we intro-
duced the mutations Y511A, S512A, R557K, R557A, and A666W (Fig. 7¢c)
and assessed their effects on MSP20-dependent activation. Mutations
at R557 (R557K and R557A) as well as A666W abolished channel acti-
vation (Fig. 7d), consistent with a critical role for R557 in MSP20
coordination and suggesting that substitution of A666 with trypto-
phan introduces a steric clash that prevents MSP20 binding. In con-
trast, Y511A and S512A remained activatable by MSP20, with only
modest changes in current amplitude, but exhibited altered kinetic
properties (Fig. 7e, f). The Y511A mutant showed significantly slowed
activation kinetics and accelerated deactivation kinetics, suggestive of
reduced MSP20 binding stability. The S512A mutant displayed activa-
tion kinetics comparable to WT. However, its deactivation kinetics
could not be adequately described by a single exponential, suggesting
strong cooperativity effects.

Together, our electrophysiological experiments directly demon-
strated MSP20-induced desensitization of human TRPVI, defined its
apparent activation potency, and provided functional validation of the
MSP20 binding pocket through mutational perturbation of channel
kinetics.

Conformational state of hTRPV1ysp2o

To assess the conformational state of hTRPVIy;spoo, We measured the
ion channel pore radius (Fig. 8a). The pore has two narrow constric-
tions, one at the selectivity filter, formed by the backbone carbonyl
oxygens of G644, and the other at the gate region, formed by 1680.
While the selectivity filter constriction is typically permeable to water
and ions, isoleucines 1680 come much closer to the pore centre thanin
the open state and create a hydrophobic seal, which makes the pore
non-conductive, similarly to the apo state (Fig. 8b). The closed con-
formation of the ion channel pore in the presence of bound agonist
suggests that the hTRPVlyspyo structure represents a desensitized
state. To further interrogate the identity of the hTRPVlyspyo gating
state, we looked at the conformation of the C-terminus. Compared to
the coiled conformation that characterizes the apo state, the

C-terminus of hTRPV1y;sp20 adopts an a-helical conformation (Fig. Sc,
d), typical for the open or desensitized states of TRPV3* and TRPV4*,
We also looked at several key interactions that differ between TRPV1
gating states. Thus, MSP20 reaches deep into the vanilloid site of
hTRPV1yspa0, Where its hydroxyl group interacts with R557 in S4 by
pulling it up extracellularly (Fig. 8e). In this position, R557 is close to
E570 in S5 and capable of forming a salt bridge with this glutamate. The
same interaction occurs in the presence of other agonists, like RTX>
(Fig. 8e), but in the apo and competitive antagonist-bound states, R557
and E570 reside too far to interact’ (Fig. 8f). Interestingly, the open
state of TRPV1 is also stabilized by the hydrogen bond between Q561
and R579, causing changes in Y565 and F582 side chain conformations
and accompanied by disappearance of a lipid near F582 (Fig. 8e). In
hTRPV1yspo, Q561 and R579 are too distal for strong interaction,
causing less changes in the side chain conformations of Y565 and F582
and, as aresult, the lipid adjacent to F582 retains a similar position as in
the apo state (Fig. 8f). Our observations, therefore, confirm that the
gating state of hTRPV1ysp,o is different from the closed apo and open
states, and has all features of the desensitized state.

Molecular insights into the hTRPV1ysp2o pore conformation

The molecular dynamics (MD)-based solvent-accessible surface area
(SASA) analysis of the key residues G644, acting as the selectivity filter,
and 1680, functioning as the activation gate across the four subunits,
revealed that hTRPVlyspyo exhibits a lower SASA compared to the
open-state conformation (Fig. 9a-c). Specifically, the average SASA for
GS44 is lower in hTRPVlysp,o compared to TRPVlrqw Structure.
Among independent simulated replicates, the mean+SD is
103.87 +9.59 A2 for hTRPVIyspyo and 128.55 +9.41 A2 for TRPV1 row
(n=3). The mean difference is ~24.7 A2, Similarly, the average SASA for
1680 exhibits a significantly lower value in hTRPVlyspao
(109.06 + 3.01 A2) compared to the open system (166.21 + 4.81 A2), with
a mean difference of approximately 57.2 A2, This narrowing suggests a
decreased surface exposure of these critical regions, potentially
affecting water and ion permeation. Furthermore, an in-depth assess-
ment of key intrapore distances evaluated dynamically corroborated
these experimental findings. In particular, residues Q561 and R579 are
farther apart in hTRPVlyspao than in the open conformation, due to
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Fig. 6 | Structure of hTRPV1 in complex with MSP20. a 3D cryo-EM reconstruc-
tion of hTRPV1 in complex with MSP20 viewed parallel to the membrane (top) or
extracellularly (bottom), with density for subunits coloured green, yellow, pink and
blue, lipids in purple, and MSP20 in red. b hTRPVIysp, structure coloured similarly

to (a), with molecules of MSP20 and lipids shown as sticks. ¢ Molecular model of
MSP20, with the cryo-EM density shown as a red mesh. d Close-up view of the
binding pocket, with MSP20 and residues that contribute to its binding shown as
sticks. Hydrogen bonds are indicated by dashed lines.

stabilizing interactions with neighbouring residues (Fig. 9b, c).
Hydrogen bonds (H-bonds) between N560 and Q561 in the last 100 ns
of MD simulations (MDs) and a persistent H-bonds and salt bridges
network between R579 and D576 contribute to this increased separa-
tion (Supplementary Fig. 10). Furthermore, the close spatial proximity
of R557 to E570 facilitates the formation of H-bonds in both the open
and MSP20-bound conformations (Fig. 9d-g).

Across the three simulated replicates, MSP20 shows a consistent
pattern of interactions with key residues within the TRPV1 binding
pocket. In one replicate, MSP20 interacts with R557 residue in 63% of
the conformations analysed. Additionally, MSP20 forms stable
hydrogen bonds with S512 and G590 for 90% and 68% of the simulation
time, respectively. The benzothiophene ring also engages in a -1
interaction with F516 for 24% of the time. In the other two replicates,
MSP20 displays further relevant contacts. It interacts with Y511,
establishing an H-bond for approximately 86-87% and a -1 interac-
tion for 40-48% of the MD simulations. Moreover, two water-mediated
bridges are formed with T550 and N551, each present for more than
90% of the trajectory. Finally, the hydroxyl group of MSP20 interacts
with R557 for 97-98% of the simulation time, reinforcing the interac-
tion pattern observed experimentally (Fig. 9e). Analysis of the mac-
roscopic conductance (Gmacro) along the pore over the entire
simulation trajectory predicted by the HOLE program indicates that
TRPV1in its open conformation displays a higher conductance relative
to hTRPVlyspyo (Fig. 9f, g). Specifically, the average Gmacro value is
630.14 pS for the open conformation, compared to 443.40 pS for
hTRPVlyspao. This finding further supports the hypothesis that the
latter adopts a more structurally constricted pore architecture.

Managing chronic pain effectively remains a significant challenge,
with the current market largely reliant on medications that have exis-
ted for decades®. While opioids are powerful pain relievers, they dis-
rupt normal brain function and carry a high risk of addiction®. An

emerging alternative involves developing small molecules that target
specific pain-related receptors, such as TRP channels*®. Among these,
thermo-TRPs like TRPV], the first discovered member of the vanilloid
subfamily, are especially promising due to their essential role in
detecting temperature-related pain, a function vital for survival®®.
TRPV1 has been identified as a crucial sensor in neuropathic pain and
brain inflammation, playing a key role in microglia-neuron signalling®.
In addition to treating chronic and neuropathic pain and disorders
related to body temperature regulation®, there is an urgent need for
selective, high-affinity TRPV1 modulators. This urgency stems from
TRPVI’s increasingly recognized involvement in various psychiatric
conditions, including depression, anxiety, fear, emotional stress, and
substance abuse*”*, The balance between library design, ADME pro-
file optimization, and target selection is central to modern medicinal
chemistry. Such approach enables more targeted synthesis, reduced
time and costs and maximization of chances to identify molecules with
desired properties.

Here we demonstrated the power of this approach by develop-
ing a set of benzothiophene-substituted vanilloid-site TRPV1 ago-
nists, by applying computational methods and obtaining a class of
benzothiophene-based TRPV1 agonists with strong binding and
functional activity. Laboratory tests revealed that prolonged or
repeated exposure to these compounds leads to calcium-dependent
desensitization of TRPVI1, rendering the receptor unresponsive to
painful stimuli. Cryo-EM applied to hTRPV1 in the presence of the
lead compound, MSP20, resolved the structure of a synthetic TRPV1
agonist in complex with the human receptor. The structure illus-
trates how MSP20 interacts with the vanilloid binding site and sta-
bilizes a desensitized state of TRPV1, marked by the closed ion
channel pore, a-helical C-terminal domain, and the distinct beha-
viour of surrounding lipid. Remarkably, MSP20 appeared to be
selective for TRPV1 showing neither agonistic nor inhibitory activity
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Fig. 7 | Electrophysiological characterization of human TRPV1 and MSP20
binding-pocket mutants. a Representative current trace illustrating pronounced
desensitization of human TRPV1 in response to a 20-s application of MSP20

(100 uM). b Concentration dependence of steady-state currents elicited by MSP20.
Currents were normalized to the maximal response obtained for each cell from fits
to a Hill equation (n =5 cells). Data points represent mean * s.e.m. for each con-
centration. The legend reports the mean * s.d. of fit parameters obtained from
individual cells. ¢ LigPlot representation of the MSP20 binding pocket. Residues
selected for mutagenesis are highlighted in green. d Peak current amplitudes
recorded from WT TRPV1 and MSP20 binding-pocket mutants using a 5-s agonist
application protocol (nwr =4, nssipa =13, Nysia =8, Nrss7k =3, Nrss7a =3,

Naesew = 3). P values were obtained using two-sided Student’s ¢ test comparing WT
with each mutant: S512A, P=0.031; Y511A, P=0.001; R557K, P=0.019; R557A,
P=0.019; A666W, P=0.018. e Activation (on) kinetics of WT TRPV1 and mutants
exhibiting measurable MSP20-evoked currents (nwt =7, nssioa =13, nyspya=4). P
values from two-sided Student’s ¢ test comparing WT with mutants: S512A,
P=0.064; Y511A, P=5.1x107". f Deactivation (off) kinetics of WT TRPV1 and
mutants exhibiting measurable MSP20-evoked currents (nwr =4, nssipa =13,
Nyspa = 3). P values from two-sided Student’s ¢ test comparing WT with mutants:
S512A, P=0.283; Y511A, P=7.1x1075. Bars and whiskers in d-f indicate mean and
s.d., respectively.

on other TRP channels, namely TRPA1, TRPMS8, TRPV3 and TRPV4. In
vitro results indicate that MSP20 is a non-cytotoxic compound that
effectively reduces GO-induced ROS production in HaCaT- and
HUVEC-cells, suggesting its potential therapeutic application in oxi-
dative stress-related conditions. In vivo and ex vivo studies showed
that MSP20 provides strong pain relief and neuroprotection,
respectively, highlighting the potential of this class of
benzothiophene-derived compounds as effective analgesics with
long-lasting and protective benefits. Intriguingly, the availability of a
less potent agonist (MSP20 vs capsaicin) that also lacks effects on
body temperature could offer an advantage for chronic treatment, as
well demonstrated by the long-term use of other analgesics in first-
line therapy for pain management®. Overall, the data presented here
underline the validity of the benzothiophene-substituted scaffold as
a template for the rational design and synthesis of potent TRPV1
modulators to develop the next generation of urgently needed
analgesics. Moreover, these findings encourage a deeper

investigation into the biological properties of our lead compound,
MSP20, as well as the additional pathways potentially involved.

Methods

Ethical statement

The authors confirm that this research complies with all relevant
ethical regulations. The board/committee and institution that
approved the study protocols are reported in the appropriate para-
graphs of this section.

In silico lead optimization

For the molecular modelling studies, we employed the cryo-EM
structure of hTRPVI in complex with (2E)-3-(4-chlorophenyl)-N-(3-
methoxyphenyl)prop-2-enamide  (SB-366791), a TRPV1-specific
nanomolar-affinity analgesic antagonist, available in the Protein
Data Bank (PDB) under the code 8GFA™. The receptor structure was
processed using the Protein Preparation Wizard tool in Maestro,
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Fig. 8 | Comparison of the MSP20-bound, closed apo and open state

TRPV1 structures. a Pore-forming domain in hTRPV1ysp,0 With the residues con-
tributing to pore lining shown as sticks. Only two of four subunits are shown, with
the front and back subunits omitted for clarity. The pore profile is shown as a space-
filling model (grey). The region that undergoes a-to-t transition in S6 is labelled ().
b Pore radius for hTRPVIp, (cyan; PDB ID: 8GF8), rTRPVlgpen (orange; PDB ID:

MSP20

7RQW), and hTRPV1yspy0 (violet) calculated using HOLE. The vertical dashed line
denotes the radius of a water molecule, 1.4 A. c, d Interface between the neigh-
bouring subunits in hTRPV1yspo (€) and hTRPVIxp, (d), with the C-terminus (pink)
adapting helical (c) and coiled (d) conformations. e, f Closeup view of the vanilloid
site in superposed hTRPV1ysp,0 and rTRPV1g e, (€) or hRTRPV1ysp20 and hTRPV1p,
(), with strong electrostatic interactions indicated by dashed lines.

adopting the OPLS_2005 force field (Protein Preparation Wizard;
Schrodinger, LLC: New York, NY, USA, 2018)%. Crystallographic
buffer components, water molecules, and phosphate ions were
removed; hydrogen atoms were added, side-chain protonation states
adjusted to pH 7.4, and energy minimization conducted. The library
of heterocyclic compounds was generated by means of Ligand
Designer, and their pharmacokinetic properties were assessed using
QikProp (Schrodinger Release 2020-4: QikProp, Schrodinger, LLC,
New York, NY). Refinement was performed by eliminating chiral
centres, discarding molecules that violated Lipinski’s Rule of Five or
Rule of Three, and excluding those containing reactive groups. Only
compounds predicted to cross BBB were retained, selecting candi-
dates with a CNS parameter greater than -1. For docking studies,
Glide software (version 8.9; Schrodinger Release 2020-4: Glide,
Schrodinger, LLC, New York, NY) was employed®. The receptor grid
was built through Receptor Grid Generation with the OPLS 2005
force field, centred on the co-crystallized ligand, and configured with
a grid box size of 10 x 10 x 10 A. Docking simulations were carried out
using the standard precision (SP) algorithm, yielding 10 poses per
ligand. To validate the reliability of the docking protocol, re-docking
of the co-crystallized ligand was performed. The root mean square
deviation (RMSD) values between the experimental ligand pose and
the predicted docking conformations were analysed to assess the
protocol’s capability to replicate the experimentally determined
binding mode. Compounds with better scores with respect to the
docking threshold were subsequently subjected to MM/GBSA

analysis to identify benzo-fused heterocyclic based compounds that
optimize binding pocket entry and enhance molecular interactions.

Synthesis of amides 2-9
Method A (compounds 6 and 8)

To a stirred mixture of the appropriate amine hydrochloride
(0.728 mmol, 1.5 eq., 4-hydroxy-3-methoxybenzylamine hydrochloride
for 6 and 2-(3,4-dihydroxyphenyl)ethylamine hydrochloride for 8) and
triethylamine (0.970 mmol, 2.0 eq.) in anhydrous ACN (20mL), a
solution of the 3-(benzo[b]thiophen-2-yl)propanoic acid (0.485 mmol,
1.0 eq.) in the same solvent (5 mL), HOBt (0.582 mmol, 1.2 eq.), and EDC
(0.728 mmol, 1.5 eq.) were added in this order, maintaining the reac-
tion at room temperature (RT) and under nitrogen atmosphere for 16
h. After this time, the solvent was removed under reduced pressure
and the residue taken up with EtOAc. The organic layer was washed
with a saturated NH4Cl solution (2x10mL), then with brine
(2 x10 mL), and finally dried over Na,SO,. Filtration and evaporation of
the solvent afforded a crude residue which was purified by flash
chromatography on silica gel with the appropriate eluent.

Method B (compounds 2-5, 7 and 9)

To a solution of the appropriate amine (0.728 mmol, 1.5 eq.,
4-aminophenol for 2, benzylamine for 3, 4-methoxybenzylamine for 4,
4-hydroxybenzylamine for 5, 3,4-dichlorobenzylamine for 7, 3-chloro-
4-methoxyphenetylamine for 9) in anhydrous DCM (25 mL, 3, 4, 7 and
9) or anhydrous ACN (HPLC grade, 30 mL, 2 and 5) a solution of the 3-
(benzo[b]thiophen-2-yl)propanoic acid (0.485 mmol, 1.0 eq.) in the
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same solvent (5 mL), HOBt (0.582 mmol, 1.2 eq.) and EDC (0.728 mmol,
1.5 eq.) were added in this order, maintaining the reaction at RT and
under nitrogen atmosphere overnight. After this time, reaction mix-
ture in ACN was concentrated under reduced pressure and the residue
taken up with EtOAc, while reaction mixture in DCM was used as such.
The organic layer was washed with a saturated NH,4Cl solution
(2 x10 mL), then with brine (2 x10 mL), and finally dried over Na,SO,.

Filtration and evaporation of the solvent afforded a crude residue
which was purified by flash chromatography on silica gel with the
appropriate eluent.

3-(Benzo[b]thiophen-2-yl)-N-(4-hydroxybenzyl)propanamide (5)
Amide 5 can also be obtained from compound 4 (0.154 mmol, 1.0 eq.)
dissolved in dry toluene (1mL) and treated with BBr3 (0.616 mmol,
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Fig. 9 | Molecular dynamic simulations of the hTRPVlysp20 and rTRPVIgpen
complexes. a 3D representation of the TRPV1 pore with G644 (upper gate) and
1680 (lower gate) residues (shown as CPK) marked as violet and turquoise area,
respectively. Solvent accessible surface area (SASA), expressed in A%, of G644 and
1680 interfacial residues participating in the pore-forming domain, along the last
100 ns of MDs. Boxplots display the average (u), standard deviation (o) of three
independent 200 ns of MDs for each system. b Plot of the distance between Ca of
Q561 and R579 along the last 100 ns of MDs in the presence of MSP20 and in the
TRPV1 open-state conformation. Boxplots display the average (u), standard devia-
tion (o) of three independent 200 ns of MDs for each system. ¢ Closeup view of the
vanilloid site in h TRPV1ysp20, With the key residues and the ligand depicted in CPK.

d H-bonds monitoring between R557 and E570 along the three independent 200 ns
of MDs for each system. e 2D interaction diagrams of MSP20 in complex with TRPV1
for each simulated replicate. The charged positive, the hydrophobic, the polar and
neutral residues are shown as blue, green, cyan, and white spheres. The pink and
the green lines depict hydrogen bonds and -t interactions, respectively, followed
by the related percentage of occurrence during the last 100 ns of three indepen-
dent MDs. f Conductance (Gmacro), expressed in pS, along the last 100 ns of MDs.
g Pore-forming domain of the last snapshot of hTRPV1ysp20 and open (7RQW) MDs
with the residues contributing to pore lining shown as CPK. The green surface is
where the pore radius is proper for a single water, while the blue surface is where
the radius is double the minimum for a single.

60.0 pL, 4.0 eq.). The mixture was heated at 50 °C for 15 minutes then
stirred at 100 °C for 1 h. After cooling to RT, the reaction mixture was
first washed with brine (2x10 mL) and then treated with 2 N NaOH
aqueous solution. The basic phase was acidified with 12 N HCI until
pH =2 and then extracted with Et,O (3 x 15 mL). The collected organic
layers, dried over anhydrous Na,SO,4, were concentrated and pure
compound was isolated as white solid, yield 20.0%.

Materials, characterization data, 'H and C NMR traces, LC-MS
chromatograms and HRMS analysis of compounds 2-9 are available in
the Supplementary Information.

Fluorescent measurements of intracellular calcium
concentration

HEK 293 cells (CRL-1573, ATCC, Manassas, VA, USA) stably over-
expressing recombinant hTRPV1, rTRPA1, rTRPMS8, rTRPV3 and
I'TRPV4 were loaded with the methyl ester of Fluo-4-AM (4 uM, Invi-
trogen), as described®’, and the effect of test compounds was deter-
mined by evaluating the intracellular calcium ion concentration
([Ca*];). Indeed, by measuring cell fluorescence at RT (Agx =488 nm,
Agm =516 nm), [Ca®]; was evaluated before and after the addition of
various concentrations of the test compounds, taking the values of the
effect on [Ca®']; in wild-type HEK 293 cells as baseline and subtracted
from the values obtained from transfected cells. The efficacy of the
compounds was determined by normalizing their effect to the max-
imum Ca* influx effect on [Ca*]; observed with application of 4 pM
ionomycin. The effects of TRPAI agonists are expressed as a percen-
tage of the effect obtained with 100 pM allyl isothiocyanate (AITC). In
the TRPV3 assay, the cells were first sensitized with the structurally
unrelated agonist 2-aminoethoxydiphenyl borate (100 uM). For the
TRPMS, the experiments were carried out at 22 °C. Potency (ECso) was
expressed as the concentration of test compound exerting a half-
maximal agonist effect (ie., half-maximal increases [Ca*];) while
antagonist/desensitizing behaviour was evaluated against capsaicin
(0.1uM) for TRPV1, AITC (100 uM) for TRPAL, icilin (0.25uM) for
TRPMS, thymol (100 pM) for TRPV3 and GSK1016790A (10 nM) for
TRPV4 by adding each test compound in the quartz cuvette 5 min
before stimulation of cells with agonists. The effect on [Ca®']; exerted
by the agonist alone was taken as 100% and data are expressed as the
concentration exerting a half-maximal inhibition of agonist-induced
[Ca*"]; elevation (ICsp). Curve fitting (sigmoidal dose-response variable
slope) and parameter estimation were performed with GraphPad Prism
(version 9.2.0, GraphPad Software Inc., San Diego, CA) and all deter-
minations were performed at least in triplicate.

Keratinocyte and endothelial cell culture, treatment, ROS- and
viability-assay

HaCaT (spontaneously immortalized, human keratinocyte) cells pur-
chased from ThermoFisher Scientific (Addexbio Technologies,
T0020001, Waltham, MA, USA) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) High Glucose (Lonza, Milan, Italy), supple-
mented with 10% foetal bovine serum (FBS), 100 U/mL penicillin,
100 pg/mL streptomycin, and 2 mM L-glutamine (Hyclone, Euroclone,

Milan, Italy), as previously described®®. Human umbilical vein endo-
thelial cells (HUVEC) were purchased from ThermoFisher Scientific
(Gibco Cat#C0035C, Waltham, MA, USA). They were grown in endo-
thelial growth medium (EGM-2), containing VEGF, R3-IGF-1, hEGF,
hydrocortisone, ascorbic acid, heparin and GA-1000 (Lonza, Milan,
Italy) and supplemented with 10% foetal bovine serum (FBS) (Hyclone,
Euroclone, Milan, Italy). Cells were split 1:3 twice a week and used until
passage 8. Cells were maintained at 37 °C in a humidified atmosphere
of 95% air/5% CO- and allowed to reach 80% confluence before treat-
ment. MSP20 was dissolved in ethanol (EtOH) to prepare a 10 uM stock
solution, which was subsequently diluted in culture medium to the
required concentrations. The final concentration of EtOH in the culture
medium did not exceed 0.1% (v/v). For compounds treatment, either
HaCaT and HUVEC cells were incubated with MSP20 at various con-
centrations for 24 or 48 hours. Cell viability was assessed using the
Alamar Blue (resazurin sodium salt) and lactate dehydrogenase (LDH)
release (EuroClone, Milan, Italy) assays at 24- and 48-hours post-
treatment. LDH release was enzymatically measured as previously
described™ As a positive control for 100% toxicity, cells were lysed
with 0.1% (v/v) Triton X-100 in culture medium for 30 minutes at 37 °C.
For Alamar Blue staining, a stock solution of resazurin (1 mg/mL) in
phosphate-buffered saline (PBS, pH 7.4) was diluted to a final working
concentration of 0.1 mg/mL in culture medium. The redox indicator
was measured at 544 nm excitation and 590 nm emission to evaluate
its oxidized versus reduced forms (TECAN Infinite M200 plate reader).
For the assessment of reactive oxygen species (ROS) production, cells
were exposed to glucose oxidase (GO, 1 U/mL, 1 h) following MSP20
treatment. Intracellular ROS levels were measured using the dichlor-
ofluorescein diacetate (DCFH-DA) assay. Both HaCaT and HUVEC cells
(5 x 10* cells/mL) were pretreated with MSP20 at different con-
centrations (0.1-100 uM) for 24 hours, followed by incubation with
20 uM DCFH-DA in loading medium at 37 °C for 30 minutes in a 95%
air/5% CO» environment. After this, cells were exposed to GO for
30 minutes, and fluorescence intensity was recorded at 485 nm exci-
tation and 530 nm emission (TECAN Infinite M200 plate reader). Data
were expressed as percent value of GO fluorescence. Untreated-
(control) and solvent (EtOH)-treated cells percent fluorescence values
were: HaCaT, 4.62+0.87 % (control), 2.01+ 0.05 % (EtOH). HUVEC,
6.26 +1.21% (control), 5.24 + 0.15% (EtOH) vs GO.

Absorption, distribution, metabolism, and excretion (ADME)
studies

Reagents and solvents were purchased from Sigma-Aldrich Srl (Milan.
Italy) and Carlo Erba Reagents Srl (Milan, Italy). Milli-Q quality water
(Direct-Q°, Merck, Darmstadt, Germania).

The chromatographic studies were carried out using an Agilent
1260 LC/MSD VL system (G1946C) (Agilent Technologies, Palo Alto,
CA), which included a vacuum solvent degassing unit, a binary high-
pressure gradient pump, and a 1260 series UV detector. The Agilent
6130 series mass spectra detection (MSD) single-quadrupole instru-
ment was outfitted with the orthogonal spray API-ES (Agilent Tech-
nologies, Palo Alto, California). Nitrogen was utilized as a nebulizing
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and drying gas. The MS conditions used for signal acquisition were as
follows: drying gas flow rate and temperature of 5L/min and 300 °C,
nebulizer pressure of 60 psi, and vaporizer temperature set to 150 °C.
Phenomenex Kinetex C18 column (150 mm x 4.6 mm, 5 um particle
size) was used for chromatographic separation at RT, followed by
gradient elution with a binary solution (Supplementary Table 5), using
a flow rate of 0.6 mL/min and a reference wavelength of 254 nm and a
MS range of acquisition between 100 and 1000 m/z both in positive
and negative mode using a collision energy of 70 eV.

Thermodynamic aqueous solubility

A suitable volume of water Milli-Q was added to the solid compound to
reach a final concentration of 1.0 mg/mL. The solution was mixed and
stirred overnight at RT with a microplate shaker. After incubation, the
suspension was filtered using a 0.45 um PTFE filter (VWR). The filtered
solution was analysed to quantify the solubilized component using the
UV/LC-MS method described above and compared to the appropriate
calibration curve.

Parallel artificial membrane permeability assay (PAMPA)

The PAMPA assay across the Gl and BBB was carried out preparing
“donor” and “acceptor” solutions. First, each compound’s DMSO stock
solution was diluted 1:1,,, with phosphate buffer (PBS 10 mM, pH 7.4),
while the “acceptor” solution was a 1:1,, DMSO/PBS solution. To
replicate the gastrointestinal and BBB phospholipidic bilayers, each
well of the filter plate was coated with a 1%, L-a-phosphatidylcholine
solution (PC) in dodecane or a 10%,,,, CHCls/dodecane brain polar lipid
solution. The donor solution was then applied. The DMSO/PBS 1:1,,,
solution was placed into the acceptor plate, and the sandwich was
incubated for 5 hours at RT with gentle shaking. After the incubation
time, the samples were collected and analysed using the HPLC-UV/MS
method reported before and the apparent permeability
(Papp X 107° cm/s) was calculated as reported by us®.

Metabolic stability in human liver microsomes (HLMs)

A DMSO solution of each compound tested was incubated at 37 °C for
1 hour in phosphate buffer (10 mM, pH 7.4), human liver microsomes
(0.20 mg/mL), and a NADPH regenerating system (NADPH 0.2 mM,
NADPH® 1 mM, D-glucose-6-phosphate 4 mM, 4 unit/mL glucose-6-
phosphate dehydrogenase) in MgCl, 48 mM at a final volume of
0.5mL. After incubation, the reaction was stopped using 1.0 mL of
acetonitrile. The mixture was then centrifuged at 3510 x g for 10 min-
utes, and the supernatant was collected and analysed using the
appropriate LC-UV/MS technique. The percentages of the metabolized
and unmetabolized compounds were calculated as previously
described’®. The metabolic stability of each compound was deter-
mined in triplicate and through three independent tests.

Plasma stability studies

The plasma stability studies were carried out by incubating the tested
compound (2.0mM) with pooled human plasma (1.0 mL, 55.7mg
protein/mL) and HEPES buffer (25mM, 140 mM NaCl pH 7.4). At
selected time points (0, 0.083, 0.25, 0.5, 1, 2, 6, 24 h), samples were
collected and treated with cold acetonitrile to stop the action of
esterases. The reaction mixture was then centrifugated (3510 x g for
10 min) and the supernatant was collected and analysed using the LC-
UV/MS previously reported and it was quantified as the unmodified
compound. The half-life was calculated with the following formula:

t1=0.693/b @

Where b is the slope found in the linear fit of the natural logarithm of
the fraction remaining of the parent compound vs. incubation time.
The plasma stability determination was performed for each compound
in three independent experiments.

DPPH and ABTS antioxidant assay

The antioxidant activity of MSP20 was investigated using two well-
known methods: DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scaven-
ging assay, and ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sul-
phonic acid) radical cation (ABTS+) decolorization assay. Both assays
were performed as reported elsewere”. Briefly, for the DPPH assay,
100 L of the MSP20 and the reference compound (capsaicin) at scalar
concentrations (50-2000 uM) were added to 1.0 mL of 0.2 mM DPPH
methanolic solution, followed by 1.9 mL of MeOH. The mixtures were
incubated for 30 minutes in the dark at RT and then the absorbance
was measured at 517 nm (UV/visible Lambda 2 spectrophotometer,
Perkin Elmer, Norwalk, CT, USA). For the ABTS assay, 100 uL of the
tested compound and capsaicin, at the same concentrations reported
above, were added to 1.5 mL of ABTS solution followed by 1.4 mL of
EtOH. The mixtures were left to react for 10 min in the dark at RT. The
absorbance was measured at 751 nm (UV/visible Lambda 2 spectro-
photometer, Perkin Elmer, Norwalk, CT, USA). For both assays, we
used Trolox as standard compound and a mixture of MeOH or EtOH
with compounds as blank. All the experiments were repeated six times
(n=6) and the results are expressed as ECso defined as the con-
centration of the compound which achieved the effect of scavenging
50% of free radicals initially formed following ABTS and DPPH assay.

Evaluation of neuroprotection in rat brain slices

All animal care and experimental protocol conformed to the European
Union Guidelines for the Care and the Use of Laboratory Animals
(European Union Directive 2010/63/EU) and was approved by the
University of Siena Animal Welfare Body and the Italian Ministry of
Health (7DF19.N.TBT). Details were previously reported in
references'”?”2, In brief, experiments were performed by using male
Wistar rats (Charles River, Calco, Italy) housed in cages of 3-4 animals
at constant temperature (22 2 °C) and humidity (55 £10%) with a12 h
reverse light/dark cycle and free access to food and water. Cortical
slices (400 um) from male Wistar rats were initially placed in artificial
cerebrospinal fluid (ACSF, composition in mM: 120 NaCl, 2 KCI, 1 CaCls,
1 MgSO04, 25 HEPES, 1 KH,PO4, and 10 glucose, final pH 7.4, con-
tinuously bubbled with a gas mixture of 95% O and 5% CO>) and left at
room temperature in ACSF for 30 minutes to recover from mechanical
stress (equilibration phase 1). Subsequently, they were transferred to
24-well culture plates (2-3 slices/well, mean weight ~30-40 mg) con-
taining 0.5 mL ACSF at 37 °C and maintained for an additional 60 min-
utes (equilibration phase 2), with the medium being replaced every
15 minutes with fresh, oxygenated ACSF. Following equilibration phase
2, slices were subjected to the pre- and co-treatment protocol (see
Supplementary Fig. 11 for details), i.e., they were treated with ACSF
(controls) or compounds for 60 minutes before being exposed to
glutamate (60 mM for another 120 minutes, a procedure known to
induce approximately 50% tissue death”) or glutamate plus com-
pounds. Fresh glutamate solutions were prepared as 500 mM stock
solution in 1 M HCI, which was re-equilibrated at pH 7.5 before dilution
to 50 mM working concentrations with ACSF immediately before use.
Upon completion of the treatments, tissue viability was evaluated using
the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) method, taking viability of control slices as 100%>.

Evaluation of antinociceptive activity in mice by the

formalin test

All experiments were conducted in accordance with the National
Institutes of Health Guidelines for the Care and Use of Laboratory
Animals, with efforts made to reduce both the number of animals used
and their discomfort. The study protocol was reviewed and approved
by the Ethics Committee of the University of Campania ‘Luigi Vanvitelli’
(Naples, Italy) and authorized by the Italian Ministry of Health (Pro-
tocol No. 806/2023). Male C57BL/6) mice (8 weeks old at arrival) were
obtained from Inotiv Inc. and were group-housed and maintained
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under controlled illumination (12 h light/dark cycle) and standard
environmental conditions (ambient temperature 20-22 °C, humidity
55-60 %). Food and water were available ad libitum. Each mouse was
randomly assigned to one of the experimental groups, placed in a
plastic cage, and allowed to move freely for 30 min. A mirror was
placed at a 45° angle under the cage to allow a full view of the hind
paws. Vehicle (5% DMSO and 0.9% saline) or different doses of MSP20
(0.0075 ug/paw, 0.015pg/paw, 0.15pg/paw, 30ul) were sub-
cutaneously administered 10 min before injecting formalin (1.25%,
30 plL) into the dorsal surface of the hind-paw. Lifting, licking, shaking,
and flinching of the injected paw were recorded as nocifensive
responses. Recording of nocifensive behaviour, scored in 5-min blocks,
commenced immediately after the injection of formalin and was con-
tinued for 60 min. Groups of 10 mice per treatment were used, with
each animal used for one treatment only. The behavioural experiments
were conducted blindly, and thresholding and data analysis were
unaware of treatment allocation. Results have been expressed as
mean + S.E.M. of the total time spent in nocifensive response in sec.
Behavioural data were analysed by two-way ANOVA followed by Dun-
net’s post-hoc test. Statistical analysis was carried out using Prism/
Graphpad (GraphPad Software, Inc.) software.

Assessment of body temperature in mice

Body temperature was measured using a rectal thermocouple probe
connected to a digital thermometer*®”*. Male C57BL/6) mice (8 weeks
old at arrival) were obtained from Inotiv Inc. and were group-housed
and maintained under controlled illumination (12 h light/dark cycle)
and standard environmental conditions (ambient temperature
20-22 °C, humidity 55-60 %). Food and water were available ad libi-
tum. Mice (n=8 per group) were randomly assigned to one of the
experimental groups and briefly restrained using a handling tunnel to
minimize stress-induced hyperthermia. The probe was inserted 2 cm
into the rectum and held in place until a stable temperature reading
was obtained. Measurements were taken at baseline (pre-treatment)
and 30, 60, 90, 120 and 150 minutes following subcutaneous injection
of MSP20 (7 mg/kg, dissolved in 5% DMSO and 0.9% saline) adminis-
tered in the dorsal neck region. For chronic measurement, mice (n=5
per group) were randomly assigned to one of the experimental groups
and body temperature was taken at baseline, 1, 3 and 7 days with daily
treatment. Between measurements, mice were returned to their home
cages. The probe was thoroughly cleaned with 70% ethanol after each
measurement to prevent cross-contamination. Behavioural experi-
ments were conducted blindly, and thresholding and data analysis
were unaware of treatment allocation.

Spared nerve injury (SNI) induction and mechanical allodynia
measurement

The Spared Nerve Injury (SNI) pain model was induced in C57 mice
according to established protocols*. All experiments were conducted
in accordance with the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals, with efforts made to reduce both
the number of animals used and their discomfort. The study protocol
was reviewed and approved by the Ethics Committee of the University
of Campania ‘Luigi Vanvitelli’ (Naples, Italy) and authorized by the
Italian Ministry of Health (Protocol No. 806/2023). Male C57BL/6) mice
(8 weeks old at arrival) were obtained from Inotiv Inc. and were group-
housed and maintained under controlled illumination (12 h light/dark
cycle) and standard environmental conditions (ambient temperature
20-22 °C, humidity 55-60 %). Food and water were available ad libi-
tum. Briefly, each mouse was randomly assigned to one of the
experimental groups and surgical anaesthesia was achieved and
maintained using isoflurane (3% for induction, 1.5% for maintenance in
oxygen). Following a skin incision, the sciatic nerve and its three
terminal branches, the sural, tibial, and common peroneal nerves, were
carefully isolated. The tibial and common peroneal nerves were then

ligated using 5-0 silk suture and sectioned. The Von Frey behavioural
test has been performed to evaluate the development of mechanical
allodynia following the injury induction and behavioural experiments
were conducted blindly and thresholding and data analysis were
unaware of treatment allocation. The treatment was initiated after SNI
surgery, following the recovery period, via subcutaneous injection of
MSP20 (7 mg/kg) into the dorsal neck region, or vehicle (5% DMSO in
0.9% saline), for up to 7 days. The dose of MSP20 was selected based
on the literature’. Mice were placed in individual enclosures on an
elevated wire mesh floor and allowed to habituate for 60 minutes.
Mechanical sensitivity was assessed using a series of Von Frey filaments
(Ugo Basile, Varese, Italy) with logarithmically increasing stiffness
(ranging from 0.008 to 2.0 g). Filaments were applied perpendicularly
to the plantar surface of the hind paw with sufficient force to cause a
slight bend, following an up-down paradigm. Each filament was tested
three times in succession. A positive withdrawal response was defined
as a sharp lifting, licking, or shaking of the paw immediately upon
filament application”.

Protein expression and purification for cryo-EM

Human TRPV1 was expressed and purified as previously described in
detail for TRPV37°7® with slight modifications. In short, bacmids and
baculoviruses were produced using a standard method”. Baculovirus
was made in Sf9 cells (Thermo Fisher Scientific, mycoplasma test
negative, GIBCO #12659017) for ~72 hours and was added to
suspension-adapted  HEK  293S  cells lacking  N-acetyl-
glucosaminyltransferase 1 (GnTI", mycoplasma test negative, ATCC
#CRL-3022) that were maintained at 37 °C and 5% CO, in Freestyle 293
media (Gibco-Life Technologies #12338-018) supplemented with 2%
FBS. To enhance protein expression, sodium butyrate (10 mM) was
added 24 hours after transduction and the temperature was reduced
to 30 °C. At 48-72 hours post-transduction, the cells were harvested by
centrifugation at 5471 x g for 15 min using a Sorvall Evolution RC cen-
trifuge (Thermo Fisher Scientific), washed in phosphate buffer saline
(PBS) pH 8.0, and pelleted by centrifugation at 3202 x g for 10 min
using an Eppendorf 5810 centrifuge. The cell pellet was resuspended in
the ice-cold buffer containing 20 mM Tris pH 8.0, 150 mM Nacl,
0.8 pM aprotinin, 4.3 uM leupeptin, 2 M pepstatin A, 1uM phe-
nylmethylsulfonyl fluoride (PMSF), and 1mM [-mercaptoethanol
(BME). The suspension was then supplemented with 1% (w/v) n-dode-
cyl-B-D-maltoside (DDM), and cells were lysed at constant stirring for
2 hours at 4 °C. Unbroken cells and cell debris were pelleted in an
Eppendorf 5810 centrifuge at 3202 x g and 4 °C for 10 min. Insoluble
material was removed by ultracentrifugation for 1 hour at 186,000 x g
in a Beckman Coulter centrifuge using a Type 45 Ti rotor. The super-
natant was added to the strep resin, which was then rotated for 1 hour
at 4 °C. The resin was washed with 10 column volumes of wash buffer
containing 20 mM Tris pH 8.0, 150 mM NacCl, 1 mM BME, and 0.01% (w/
v) glyco-diosgenin, and the protein was eluted with the same buffer
supplemented with 2.5 mM D-desthiobiotin. The eluted protein was
concentrated to 0.5 mL using a 100-kDa NMWL centrifugal filter (Mil-
liporeSigma™ Amicon™) and then centrifuged in a Sorvall MTX 150
Micro-Ultracentrifuge (Thermo Fisher Scientific) using a SI00AT4
rotor for 30 min at 66,000 x g and 4 °C before injecting it into a size-
exclusion chromatography (SEC) column. The protein was purified
using a Superose™ 6 10/300 GL SEC column attached to an AKTA FPLC
(GE Healthcare) and equilibrated with the buffer containing 150 mM
NaCl, 20 mM Tris pH 8.0, 1mM BME, and 0.01% (w/v) GDN. The tet-
rameric peak fractions were pooled and concentrated using a 100-kDa
NMWL centrifugal filter (MilliporeSigma™ Amicon™) to 3 mg/mL.
MSP20 was added to hTRPVI at the concentration of 200 puM.

Cryo-EM sample preparation and data collection
UltrAuFoil 1.2/1.3, Au-50 (300-mesh) grids were used for plunge-
freezing. Prior to sample application, grids were plasma treated in a
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PELCO easiGlow glow discharge cleaning system (0.39 mBar, 15 mA,
“glow” for 25 s, and “hold” for 10 s). A Mark IV Vitrobot (Thermo Fisher
Scientific) set to 100% humidity at 4 °C was used to plunge-freeze the
grids in liquid ethane after applying 3 uL of protein sample to their
gold-coated side using a blot time of 5s, a blot force of 5, and a wait
time of 15s. The grids were stored in liquid nitrogen before imaging.
Images of frozen-hydrated particles of hTRPV1yspoo were collected on
a Titan Krios transmission electron microscope (Thermo Fisher Sci-
entific) operating at 300 kV and equipped with a post-column GIF
Quantum energy filter and a Gatan K3 Summit direct electron detec-
tion camera (Gatan, Pleasanton, CA, USA). 12,312 micrographs were
collected in counting mode with raw image pixel size of 0.856 A across
the defocus range of 0.6 to -1.6 um. The total dose of ~60 e"A™2 was
attained by using the dose rate of -16.29 e pixel™s™ across 50 frames
during the 2.7-s exposure time.

Image processing and 3D reconstruction

Data were processed in cryoSPARC 4.4%°, processing workflow is pre-
sented in Supplementary Fig. 7. Movie frames were aligned using the
patch motion correction in cryoSPARC. Contrast transfer function
(CTF) estimation was performed on non-dose-weighted micrographs
using the patch CTF estimation. Subsequent data processing was done
on dose-weighted micrographs. Following CTF estimation, micro-
graphs were manually inspected and those with lower predicted CTF-
correlated resolution (higher than 6 A) were excluded from further
processing. After several rounds of selection through 2D classification,
particles were further 3D classified (heterogeneous refinement) into
four classes. Particles representing the best class were re-extracted
without binning (256-pixel box size) and further 3D classified; the best
subset of particles was used for training Topaz model® followed by 2D-
and 3D-classification cleanup. Obtained set of 250,351 particles
representing the best class was subjected to homogenous refinement
without symmetry and followed by non-uniform refinement® with
simultaneous global and local CTF refinement using C4 symmetry.
Reference-based motion correction was performed on the aligned
particles with subsequent non-uniform refinement using previous
parameters. Final round of 3D classification with 10 classes yielded one
predominant class, containing 249,242 particles. The subset of parti-
cles was used for the final non-uniform refinement with C4 symmetry
enforced resulting in 2.68 A reconstruction. The reported resolution of
2.60 A for the final map of hTRPVlysp,0 Was estimated using the gold
standard Fourier Shell Correlation (FSC) after rescaling the obtained
map on EMD-29983 in ChimeraX®’. The rescaling of the map was done
as a correction of imprecise calibration of magnified pixel size and
EMD-29983 was chosen as the highest resolution cryo-EM recon-
struction of human TRPV1. The local resolution was calculated with the
resolution range estimated using the FSC =0.143 criterion in cryoS-
PARC 4.4. Cryo-EM density visualization was done in UCSF Chimera®*
and UCSF ChimeraX*®.

Model building

To build the model of hTRPV1yspa0 in Coot®, we used the previously
published apo-state cryo-EM structure of hTRPV1 (hTRPV1,,,; PDB ID:
8GF8) as a guide. The model was tested for overfitting by shifting its
coordinates by 0.5 A (using Shake) in Phenix®, refining the shaken
model against the corresponding unfiltered half map, and generating
densities from the resulting model in UCSF Chimera. Structures were
visualized and figures were prepared in UCSF Chimera, UCSF
ChimeraX®, and Pymol®’. The pore radius was calculated using HOLE®S,

Whole-cell patch-clamp recordings

Genes encoding human TRPV1 (wild type, Y511A, S512A, R557K, R557A,
and A666W) were cloned into a pIRES expression vector, enabling
bicistronic expression together with green fluorescent protein via a
downstream internal ribosome entry site®’. HEK293 cells (ATCC CRL-

1573), cultured in 24-well plates, were transiently transfected with
200-500 ng plasmid DNA using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells were transferred
onto glass coverslips, and recordings were performed 20-48 h after
transfection at RT.

Whole-cell currents were recorded at a holding potential of
—-60 mV using an Axopatch 200B amplifier (Molecular Devices), low-
pass filtered at 5 kHz, and digitized at 10 kHz with a Digidata 1550B data
acquisition system and pCLAMP 11.4 software (Molecular Devices).
Patch pipettes had resistances of 2-6 MQ. The extracellular solution
contained (in mM): 140 NacCl, 5 KCI, 2 MgCl,, 10 glucose, and 10 HEPES
(pH 7.4). The intracellular (pipette) solution contained (in mM): 150
KCI, 3 MgCl,, 5 EGTA, and 10 HEPES (pH 7.2).

MSP20 was applied at the indicated concentrations via the
extracellular solution. Rapid solution exchange was achieved using a
two-barrel theta-glass pipette mounted on a piezoelectric translator.
For most experiments, agonist was applied for 5 s, followed by a 2-min
interval between applications to allow completion of slow, non-
electrogenic kinetic steps in TRPV1 and to permit switching to the next
agonist concentration. Desensitization at high MSP20 concentration
was examined using a prolonged 20-s agonist application. Data ana-
lysis was performed using in-house-written Python scripts.

Molecular dynamic simulations details

The Orientations of Proteins in Membranes (OPM) database’™ was
utilized to align the obtained TRPVIlyspao channel along the Z-axis,
embedding it within a POPC (1-palmitoyl-2-oleoyl-sn-glycerol-3-phos-
phocholine) lipid bilayer. The system was then solvated in an orthor-
hombic box containing single-point charge (SPC) water molecules, and
chloride ions were added to ensure electroneutrality (Supplementary
Table 7). Molecular dynamics (MD) simulations were conducted using
Desmond?, asimplemented in the Maestro/Schrodinger suite, with the
OPLS 2005 force field applied. Each system was first subjected to the
standard Desmond relaxation protocol to gradually equilibrate the
system before production MD. Initially, the system underwent energy
minimization to remove steric clashes and relax the starting geometry,
with positional restraints applied to the heavy atoms of the solute. This
was followed by a short MD run at low temperature (10 K) in the NVT
ensemble, maintaining restraints on the solute heavy atoms to allow
the solvent to relax around the solute. The restraints were then pro-
gressively reduced through a series of short MD simulations in the NPT
ensemble at the target temperature (300 K). These steps included
simulations with restraints on all solute atoms, followed by only the
backbone, and finally unrestrained simulations. Finally, a fully unrest-
rained NPT simulation was performed to ensure the system reached
stable thermodynamic conditions, with temperature, pressure, and
density equilibrated prior to the production runs. NPT ensemble
conditions were applied, maintaining a temperature of 300 K via the
Nosé-Hoover chain thermostat and a pressure of 1 atm using the
Martyna-Tobias-Klein barostat. The short-range cutoff method with a
cutoff radius of 9.0 A was used to calculate Coulombic interactions.
Bonded interactions were integrated using the RESPA algorithm at
2.0fs timestep. For each equilibrated system, three independent
production runs of 200 ns each were carried out. For the purpose of
analysing ligand-receptor interactions, including hydrogen bonds,
-1t stacking, hydrophobic contacts, and distances between key resi-
dues, 200 ns of production MD per replicate are sufficient. These
events occur on a relatively fast timescale and stabilize quickly once
the system is equilibrated. Furthermore, performing three indepen-
dent replicas ensures adequate statistical sampling of the interactions,
making enhanced sampling methods unnecessary for the scope of this
study. This approach ensures comprehensive exploration of the con-
formational landscape around the experimental starting structure and
minimizes dependence on the initial configuration. To compare the
dynamic behaviour of hTRPVI1 in complex with MSP20, we analysed it
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relative to the RTx-bound open state model (PDB ID: 7ZRQW)*, for
which three independent production runs of 200 ns each were also
performed. For each replica, the mean and standard deviation were
calculated for each system to analyse the dynamics. Relevant data,
including interactions such as H-bonds and salt bridges, distances
between residues, and SASA, were extracted from the simulation tra-
jectories using the internal tools available in Desmond. The SASA was
calculated for each residue at the interface of all four chains forming
the pore, allowing us to assess changes in solvent exposure during the
simulation. A MD checklist for data reproducibility is provided as a
Supplementary Table 8. The initial and final coordinates of both
hTRPVlyisp20 and rTRPVlgpe, complexes extrapolated from the first
and the last frame, respectively, of the MDs three replicates are
reported in Supplementary Data 1-12. To assess the state of the TRPV1
channel pore and quantify its conductance (Gmacro), expressed in pS,
during the 200 ns of MD simulations, we used the HOLE®® program for
1000 snapshots of both RTx-bound and MSP20-bound structures.
Figures were prepared in UCSF Chimera and VMD software’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data needed to evaluate the conclusions of the paper are present in
the paper or the Supplementary Information. 'H-and ®C-NMR spectra,
UPLC-MS/HPLC-MS and HRMS traces of amides 2-9 (see Supplemen-
tary pages 5-66). Theoretical binding free energy values and ADME
parameters of the selected top three hits (see Supplementary Table 1).
Superposition of binding mode of capsaicin, 2a and 3a compounds in
the TRPV1 vanilloid-binding site (see Supplementary Fig. 1). Activating
(ECso) and inhibitory/desensitizing (ICso) potency of MSP20 for
TRPV3, TRPV4 and TRPMS (see Supplementary Table 2). Fluorescence
plots of MSP20 (see Supplementary Fig. 2). Cell viability and cyto-
toxicity assays (see Supplementary Fig. 3). In vitro absorption, dis-
tribution, metabolism, and excretion studies of MSP20 (see
Supplementary Table 3). Possible metabolite formed after aromatic
oxidation (see Supplementary Fig. 4). Results of the antioxidant (ABTS
and DPPH) activity of Trolox, Capsaicin, and MSP20 (see Supplemen-
tary Table 4). Effect of MSP20 on rat brain slice viability in the model of
glutamate-induced excitotoxicity (see Supplementary Fig. 5). Effect of
MSP20 on body temperature in mice (see Supplementary Fig. 6).
Workflow of cryo-EM data processing (see Supplementary Fig. 7).
Overview of cryo-EM data for hTRPV1yspao (see Supplementary Fig. 8).
Examples of cryo-EM density (see Supplementary Fig. 9). Time evolu-
tion of H-bonds and salt-bridges between D576 and R579, and H-bonds
between N560 and Q561 over 100 ns of molecular dynamics simula-
tions of repl (see Supplementary Fig. 10). Experimental conditions for
chromatographic separation for ADME studies (see Supplementary
Table 5). Experimental protocol used to assess the neuroprotective
effects (see Supplementary Fig. 11). Molecular dynamic simulations
details (see Supplementary Table 7). MD checklist for data reprodu-
cibility (see Supplementary Table 8). The cryo-EM density map of
hTRPV1 in complex with MSP20 was deposited to the Electron
Microscopy Data Bank (EMDB) under the accession code EMD-71555
(hTRPVlyspao [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-71555]).
The atomic coordinates have been deposited to the Protein Data Bank
(PDB) under the accession code 9PEA (hTRPVlyspyo [https://doi.org/
10.2210/pdb9PEA/pdb]) (see Supplementary Table 6). Source data are
provided with this paper.
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