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ARTICLE INFO ABSTRACT
Keywords: TRP channels are important pharmacological targets in physiopathology. TRPV2 plays distinct roles in cardiac
Ion channels and neuromuscular function, immunity, and metabolism, and is associated with pathologies like muscular
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dystrophy and cancer. However, TRPV2 pharmacology is unspecific and scarce at best. Using in silico similarity-
based chemoinformatics we obtained a set of 270 potential hits for TRPV2 categorized into families based on
chemical nature and similarity. Docking the compounds on available rat TRPV2 structures allowed the clustering

of drug families in specific ligand binding sites. Starting from a probenecid docking pose in the piperlongumine

Biophysics
Docking binding site and using a Gaussian accelerated molecular dynamics approach we have assigned a putative pro-
Cardiovascular benecid binding site. In parallel, we measured the EC50 of 7 probenecid derivatives on TRPV2 expressed in Pichia

Computational biology
Structural biology
Pharmacology

pastoris using a novel medium-throughput Ca?* influx assay in yeast membranes together with an unbiased and
unsupervised data analysis method. We found that 4-(piperidine-1-sulfonyl)-benzoic acid had a better EC50 than
probenecid, which is one of the most specific TRPV2 agonists to date. Exploring the TRPV2-dependent anti-
hypertensive potential in vivo, we found that 4-(piperidine-1-sulfonyl)-benzoic acid shows a sex-biased vaso-
dilator effect producing larger vascular relaxations in female mice. Overall, this study expands the pharmaco-
logical toolbox for TRPV2, a widely expressed membrane protein and orphan drug target.
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1. Introduction

The Transient receptor potential (TRP) ion channel family is second
largest after the potassium channel family. Many TRPs are somatosen-
sory channels that respond to physicochemical stimuli, including tem-
perature, mechanical stress, or osmotic changes [1]. Thus, TRPs are key
therapeutic targets in physiopathology, including cancer [2], and bac-
terial and viral infectivity [3,4]. TRP vanilloid 1 (TRPV1) has a vast
pharmacological toolbox related to acute and chronic pain management
[5]. The closest TRPV1 homolog, TRPV2, is widely expressed in humans
and important in cardiac structure[6], immunity[3], and nervous system
development and physiopathology [7-9]. TRPV2 is a noxious heat and
mechanical sensor, and so far the endogenous activation of this channel
is related to oxidative stress through methionine (Met) oxidation [2] and
phosphatidylinositol (PIP3) lipid binding [10]. The sparse TRPV2
pharmacology includes cannabidiol (CBD) derivatives, lipids like PIPy
and lysophosphatidylcholine (LPC), and few mid-specific modulators,
like agonist probenecid (PBCD) and antagonist tranilast [11]. PBCD and
tranilast are already in the clinic for the treatment of gout and allergy
[12]. Tranilast has been repurposed as a TRPV2-targeted drug in heart
failure [13]. On the other hand, PBCD has been repurposed as a
Pannexin-1-targeted inhibitor in hypertension, but also as heart failure
drug in a recent clinical trial [14-16].

Structures of rabbit and rat TRPV2 were determined by cryogenic
electron microscopy (cryo-EM) and X-ray crystallography [17-20],
along with structures of other TRPVs [21]. Specifically, TRPV2-bound
ligands that have been resolved so far are CBD [22], 2-aminoethoxydi-
phenyl borate (2-APB) [23,24], piperlongumine (PLG) [25], and
A9—tetrahydrocannabiorcol (C16) [26]. The PBCD binding site remains
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elusive although it has been shown to induce specific conformational
changes in TRPV2 and to act synergistically with C16, indicating a
different binding site [26]. In sum, TRPV2 is an important target with an
increasing number of physiopathological implications and its pharma-
cology is being extensively explored, although thus far with limited
success.

Here we present a multidisciplinary study combining chemo-
informatics, computational structural biophysics, a new in vitro activity
assay with new pharmacological data analysis to find a TRPV2 ligand, 4-
(Piperidine-1-sulfonyl)-benzoic acid (PSBA) with slightly higher efficacy
than PBCD in vitro. Comparison of the activity of PBCD and PSBA in
physiological conditions using an animal ex vivo model of vascular
reactivity [27], shows that PSBA modulates vascular relaxation in a
sex-biased fashion. In sum, our results provide an interesting pharma-
cological toolbox to explore the pharmacophysiology of TRPV2, and a
pipeline that can be easily translated to other ion channels.

2. Results and discussion
2.1. Chemoinformatics similarity search for putative TRPV2 modulators

To expand the pharmacological toolbox for TRPV2, we used PBCD,
CBD, A9-tetrahydrocannabinol (AgTHC), cannabinol, and SKF96365
(Fig. 1A), described as the TRPV2 pharmacology by Vriens et al. [5], as
seeds in a similarity-based chemoinformatics search in ZINC [28],
CHEMBL [29], DrugBank [30], and TCM [31] databases to find com-
pounds active on TRPV2 with minimal activity on TRPV1 (see Sup-
porting Information). This search yielded a set of 270 compounds
(grouped in five families of 148, 46, 38, 34, and 4 hits related to PBCD,
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Fig. 1. TRPV2 molecular docking results. (A) Chemical structures of PBCD (PBCD), cannabinol, CBD, AQTHC, SKF96365 and tranilast. Hydrogens are omitted for
clarity. (B) TRPV2 structure and binding site of 2-APB (orange) in 7NOM, CBD (green) in 6U88, and PLG (yellow) in 6WKN. TRPV2 is shown in cartoon, colored in
white. Ligands are shown as spheres. (C-E) Predicted binding energy of the 270 compounds, including tranilast, at the 2-APB binding site in 7NOM (C), CBD binding
site in 6U88 (D), and PLG binding site in 6WKN (E). Ligands are categorized into families based on seed compounds. *P < 0.05; **P < 0.01; ***P < 0.001;

*#**P < 0.0001 by one-way ANOVA.
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A°THC, CBD, cannabinol, and SKF96365, respectively) ranked using the
Tanimoto difference coefficient [32], with diversity in the number of
rings, partition coefficient, polar surface area, hydrogen-bond donor and
acceptors (Supporting Dataset 1).

2.2. Ligand-based virtual screening and PBCD binding site assignment

Taking advantage of the TRPV2 structural biology to date, we have
tried to assign a putative binding site for PBCD, using docking. To define
the best docking strategy, we tried two alternative protocols. For the first
approach, we used TRPV2 apo (pdb id 6U84) and ligand-bound (pdb id
6U88 and 6WKN) structures to perform a global unbiased docking
approach for PBCD, cannabidiol, and tranilast using a box for the overall
transmembrane domain (TMD) of TRPV2. We obtained scattered dock-
ing poses throughout the TMD not converging in the resolved binding
site (Fig. S1 and Table S1), thus remaining inconclusive to assign a pu-
tative PBCD binding site.

For the second approach we tried a local docking strategy using as
targets the binding sites for CBD, PLG, and 2-APB in their respectives
cryo-EM structures of TRPV2 (PDB codes 6U88, 6WKN, and 7NOM,
respectively, Fig. 1B). As a benchmark, we determined the binding en-
ergies of the original ligands, obtaining values of — 31.5 kcal mol™?,
— 24.3 keal mol’!, and — 15.8 kcal mol? for CBD in 6U88, PLG in
6WKN, and 2-APB in 7NOM, respectively (dashed lines in Fig. 1C-E). We
also docked tranilast (Fig. 1A) as a reference molecule, obtaining
binding energies in the — 9 to — 12 kcal mol™ range. Then, to define a
putative PBCD binding site, we performed a family-based docking
approach using the 270 compounds identified by chemoinformatics.
Fig. 1 C-E show the binding energy values for docking the 270 com-
pounds in all three structures, grouped into their families, expecting to
assess which TRPV2 structure allowed us to discriminate between the
PBCD family and the others. Docking results in 7NOM are highly biased
to negative energy binding values (average binding energies for all
families are lower than —15.8 kcal mol™) but with high dispersion in
binding energy within the members of the same family (Fig. 1C), arguing
for the lack of chemical specificity. The PBCD family showed the largest
energy mean value, indicating that the 2-APB site was not the most
favorable.

In the CBD binding site in 6U88, docking of the CBD family com-
pounds docking yielded very negative and narrowly distributed binding
energy values (25.6 + 2.2 kcal mol™l; Fig. 1D). The CBD family mean
binding energies (—25.6 kcal mol™!) values, represent better scores than
for the A°THC and cannabinol families, but not as low as the resolved
CBD (—31.5 kcal mol'l), however it allows to discriminate accurately
between CBD and other cannabis derivatives. Intriguingly, PBCD-family
compounds bind with similar affinity to the CBD binding site as CBD-
derived compounds showing no significant differences in binding en-
ergies (Fig. 1D) indicating that PBCD may occupy the CBD binding site.
However, a recent study defining the C16 binding site in TRPV2 pre-
treated with PBCD suggested that the CBD binding site is unlikely to be
occupied by PBCD [26].

Docking the PBCD family in the PLG binding site (6WKN) shows the
highest affinity, i.e., the lowest mean energy binding for PBCD family
(—26.1 keal mol™), significantly lower binding energy compared to
cannabis-derived subfamilies (Fig. 1E), arguing for the PLG binding site
as the most suitable binding site for PBCD-family compounds using a
local docking approach.

In fact, in the original study describing TRPV2 activation by CBD
[22], cells were pretreated with a high concentration of PBCD (2.5 mM
versus PBCD TRPV2 EC50 = 25 uM), because this PBCD treatment has
been routinely applied to inhibit organic anion transporters in calcium
imaging assays, and the role of PBCD as a TRPV2 activator was just
emerging [33]. The resulting CBD EC50 of 3.7 uM for rat TRPV2 [22]
may therefore have been affected by PBCD sensitization as demon-
strated in a recent study of TRPV2 incubated with the cannabinoid C16
and PBCD [26]. As discussed below, this same situation where cells were
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pretreated with PBCD happened with the discovery of 2-APB as an
activator for TRPV2 [34].

C16 occupies a binding site between the CBD and PLG binding sites
but the PBCD binding site remains unknown [26], yet another recent
TRPV2 structure solved in the presence of CBD and PIP; shows that CBD
binding site is slightly shifted because the presence of the lipid [35],
arguing for an effect of the lipid annulus of TRPV2 as a ligand-binding
modulator. Superimposing the different TRPV2 binding sites resolved
so far defines a continuous binding region for ligands such as CBD (PDB
code 6U88), PLG (PDB code 6WKN), and 2-APB (PDB codes 7NOM,
7YEP), as depicted in Fig. 2A. Thus, TRPV2 structural biology points to a
broad and continuous ligand binding region ranging from the CBD
binding site to the TM4-TMS5 linker (Fig. 2A). As mentioned above, PLG
binding site is the most favorable for PBCD-family binding in our virtual
docking. This also holds for the PBCD binding energies, which corre-
spond to — 29.5 + 1.3, — 28.0 + 0.3, and — 28.0 + 1.3 kcal mol! for
6WKN, 6U88, and 7NOM, respectively.

We used the PLG site as the starting docking pose for putative PBCD
binding (Fig. 2B), and instead of classical molecular dynamics (MD)
simulations [36] to refine the PBCD binding site we used a Gaussian
accelerated molecular dynamics simulations (3 replicates, 500 ns of
simulation time) to explore further the docking space and the binding
energies (LiGaMD [37]) of PBCD in TRPV2 in a lipid bilayer. The LiG-
aMD results show two distinguishable PBCD binding clusters with and
average binding energy of — 88.9 & 0.5 kcal mol? (Fig. 2B and C and
Supporting Information movie S1). PBCD in cluster 1 is mainly stabilized
within the same TRPV2 subunit by lipids (cholesterol and POPC)
hydrogen bonds with residues Tyr471 (TM3) and Asn511 (TM4), and by
van der Waals interactions with Phe472/Leu475 (TM3), Leu510 (TM4),
and GIn530/Leu534 (TM4/TM5 linker) of one subunit and Ala628,
Leu631 and Leu632 (TM6) of the next subunit (Fig. 2D). PBCD in cluster
2 is stabilized by ligand-lipid interactions with cholesterol, POPC and
POPG, and ligand-protein hydrophobic interactions mainly by Leu478
(TM3) of one TRPV2 subunit and Leu624 (TM6) of the adjacent one
(Fig. 2D). Both clusters show a phosphatidylcholine molecule partici-
pating in the binding of PBCD (Fig. 2 C and D), which has also been
observed in previous experimental work with CBD-bound TRPV2
structures, where lipid-like densities interact and likely stabilize the
binding of CBD [35]. Overall, this study highlights the importance of
including the lipid bilayer in computational models of membrane pro-
teins to account for these potentially crucial lipid-ligand interactions.

Supplementary material related to this article can be found online at
doi:10.1016/j.csbj.2023.12.028.

Compared with other ligands from resolved structures, both PBCD
clusters mainly occupy the 2-APB binding site in mTRPV2 (PDB code
7YEP, Supporting Information movie S1), located near the vanilloid
pocket, surrounded mainly by hydrophobic residues and lipid mole-
cules, highlighting the relevance of ligand-lipid and protein-lipid in-
teractions in the binding of PBCD.

2.3. Design of a ca®* assay to test TRPV2 activity

In a drug discovery approach, we selected and purchased seven
commercially available PBCD derivatives contained in our dataset
(Table 1), to find new, and hopefully more potent, TRPV2 activators
compared to PBCD. We designed a functional assay using heterologously
expressed TRPV2 to test for TRPV2 activation by these compounds. Our
assay uses purified membranes of cells expressing TRPV2, and thus
measures drug responses directly due to TRPV2 and no other intracel-
lular signaling pathways, such as G-protein coupled receptor pathways
triggered by cannabis derivatives, or organic transporter inhibition
derived by PBCD. First, we produced large amounts of TRPV2 in the
eukaryote yeast Pichia pastoris [38]. To monitor protein expression, we
fused enhanced green fluorescent protein (eGFP) to human, mouse, or
rat TRPV2 (TRPV2-eGFP). Rat TRPV2 yielded the most monodisperse
protein in fluorescence size exclusion (FSEC) thermal stability
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Fig. 2. (A) Combined representation of the binding sites of CBD (6U88), PLG (6WKN), and 2-APB (rat 7NOM, mouse 7YEP). Protein is depicted in cartoon and color-
coded by chains: A (light pink), B (light blue), C (light green), D (light yellow). Ligands are shown as sticks and surface is also displayed: CBD in red, PLG in blue, 2-
APB in 7NOM in purple, 2-APB in 7YEP in yellow. (B) Clustering by Principal Component Analysis (PCA) of the 200 ns Ligand Gaussian Accelerated molecular
dynamics (LiGaMD) simulation of PBCD (PBCD) initially bound to the PLG site in TRPV2 (pdb id 6WKN). Cluster 1 and cluster 2 are the left and right, respectively.
(C) Representation of TRPV2 embedded in the membrane. Representative structure of PBCD clusters is shown as: purple (cluster 1) and green (cluster 2). Ligands are
shown as spheres. (D) TRPV2 residues and lipids involved in the binding of PBCD (PBCD distance < 4.0 ;\) in both clusters. Residues are shown as sticks and the chain
is indicated as a subindex and amino acid carbon atoms are colored according to the respective subunit.

experiments (Fig. S2). We thus purified dodecylmaltoside (DDM) solu-
bilized rat TRPV2-eGFP (Fig. S3); its ATR-FTIR spectrum agrees at the
secondary structure level with that expected from 3D structures (Fig. S4
and Table S2). Rat TRPV2-eGFP was active in planar lipid membranes
(Fig. S5); the first demonstration, to the best of our knowledge, of an
active TRP channel expressed in and purified from P. pastoris, which
opens biotechnological perspectives in term of production scalability for
pharmacological, and structural and molecular biology processes.

We next developed a higher throughput fluorescence-based Ca®*
influx assay. Briefly, P. pastoris was lysed and membranes from TRPV2-
eGFP-expressing or control strains were extruded to 100 nm in the
presence of the ratiometric Ca?* sensor Fura-2 to generate Fura-2-
loaded vesicles.

TRPV2 presence or absence was confirmed by immunodetection
(Fig. 3A). We then exposed these vesicles, devoid of cytosolic signaling
machinery, to compounds in a high Ca?* buffer and measured the Fura-2
fluorescence ratio at 340/380 nm excitation wavelengths. First, we
tested the drug dose response depending on TRPV2 orhtologs, so we
tested PBCD, 2-APB and CBD against human, mouse and rat TRPV2
(Fig. S6). We selected the rTRPV2 for future measurements because it
was the isoform showing higher fluorescence intensity in drug dose-
dependent measurements. To validate signal specificity, we measured
PBCD dose responses in the absence (PBCD EC50 ~ 25 pM Fig. 3B) or
presence of inhibitors such as tranilast and ruthenium red (PBCD EC50
~ 200 pM; Fig. 3 C). Non-selective agonist 2-APB also activated TRPV2
(EC50 ~ 20 pM, Fig. 3D). At this point, it is key to realize that PBCD has
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been related to TRPV2’s pharmacology, unknowingly from the begin-
ning. First evidence of 2-APB modulation on TRPV2, yielded an EC50 of
129 uM in HEK293, but those measurements were taken in the presence
of 2mM of PBCD [34], similarly to the first studies with CBD [22],
arguing for drug-sensitization effects on the activation of TRPV2, as
shown for 2-APB [34], CBD [22,35], and C16 [26]. In contrast, neither
ouabain (Fig. 3E and Supporting Information Fig. S15), a modulator of
Na/K-ATPase and IP3 receptors, nor RN1747, a TRPV4 inhibitor (Sup-
porting Information Fig. S16), changed the fluorescence of rat
TRPV2-GFP vesicles. Also, we observed a capsaicin response with
TRPV1-GFP-containing vesicles (EC50 ~ 20 pM), but not TRPV2-GFP
vesicles (Fig. 3 F). Although the capsaicin values for TRPV1, the
closest homolog to TRPV2, are not comparable to those in the literature
(nM range) [39], capsaicin, still behaves as a negative control for
TRPV2. All these controls are key to validate our assay to measure Ca2*
influx into TRPV2-GFP-containing vesicles.

2.4. EC50 estimation and data analysis

One open question in the analysis of activity data to estimate EC50
values, particularly with noisy titration curves, is how to use all the
experimental data available to avoid selection bias, while at the same
time preventing the inclusion of noisier/more disperse data sets in the
analysis that might corrupt the estimation of EC50 values. Another
important issue is how to obtain, besides the best possible estimate for
EC50, reliable confidence intervals for its value that account for all



E. Catalina-Hernandez et al.

Table 1
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Summary of physicochemical data on Compounds 1 to 8, ZINC database identifier, chemical structure, chemical name, ATanimoto, molecular weight (MW), n-octanol

and water partition coefficient 10g(Coctanol Crater) (CLOgP).

Compound ZINC number Chemical structure Name ATanimoto MW [Da] cLogP
1 00001982 A s 4-[(Dipropylamino)sulfonyl]-benzoic acid (PBCD) 0.775 284.4 1.94
DHOH
~1 .
2 00001323 2 4-Methyl-N,N-dipropyl-benzenesulfonamide 0.564 255.4 3.88
]
§ B
3,4 00033305 ﬁ o 4-[(2-Methylpiperidin-1-yl)-sulfonyl]-benzoic acid 0.584 282.4 1.63
00033306 ”‘ﬁﬁ©—<
o s
5 00112604 2 S o 4-[(Dimethylamino)sulfonyl]-benzoic acid 0.564 228.2 0.38
\,,,JJ__/&\ _{ [ y! ) yl]-benz
/1 N\ _/
5 %
6 00190172 \ if 7\ o 4-(Piperidine-1-sulfonyl)-benzoic acid (PSBA) 0.630 268.3 1.24
s
N IV
7 00874371 4-[(Tert-butylamino)sulfonyl]-benzoic acid 0.652 256.3 1. 60
9 o
~
7 .
o "
8 01681377 4-Dibutylsulfonyl-benzoic acid 0.671 312.4 2.72

possible uncertainties, to be able to meaningfully rank EC50 values from
different compounds. We implemented an unbiased and unsupervised
global parameter estimation method using Bayesian inference (Sup-
porting Information Methods and Figs. S6 to S8 for technical details).
Briefly, Bayesian analysis was applied to four individual datasets for a
given compound to obtain four probability distributions for EC50 given
only the data (other parameters were integrated out) with the distri-
bution broadness reflecting how informative was an individual dataset
on the value of EC50. Following the rules of probability, a global
probability distribution for EC50 was obtained by the multiplication of
all four individual probabilities, a step that automatically makes nar-
rower probability distributions to contribute more than broader distri-
bution to the final probability distribution for EC50. This allowed us to
make use of all the available information in the data about EC50, even
when datasets had apparent differences in quality. Finally, from the
(posterior) probability distribution for EC50 we could obtain realistic
confidence levels (see Supporting Information on how we integrated out
nuisance parameters to obtain probabilities for EC50).

Fig. 4 shows resulting probability distributions of EC50 values for
control and test compounds (with a 90% confidence interval in
brackets). Capsaicin activated TRPV1-GFP with EC50 = 23 [11-175]
pM but induced no measurable increase of fluorescence signal for
TRPV2-GFP (Fig. 4A and Fig. S11), leading to a featureless probability
distribution for EC50. 2-APB activated TRPV2-GFP with EC50 =11
[6-20] pM (Fig. 4B). The presence of the inhibitor ruthenium red
(10 pM) did not fully prevent the activation of TRPV2 by 2-APB but
increased its EC50 to 1.3 [0.6-2.7] mM. On the other hand, the addition
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of the inhibitors GdCls (100 pM) and tranilast (25 pM) almost
completely prevented the activation of TRPV2 by 2-APB (Fig. S10). The
resulting small signals decreased the precision of the 2-APB EC50 esti-
mates; for GdCls it increased to 233 [25—7000] pM, while for tranilast
the probability distribution of the 2-APB EC50 was so broad as to be
undefined (Fig. 4B and Fig. S9). Other known TRPV2 agonists yielded
activating signals with EC50 values of 26 [18-36] uM for PBCD, 36
[27-51] pyM for LPC, and 110 [87-155] pM for CBD (Fig. 4C and
Figs. S6-S8, S10, and S12). Thus, our approach of a membrane-based in
vitro activity assay and our EC50 data analysis allowed us to robustly
measure and compare drug’s activity on isolated cell membranes. Pre-
viously published TRPV2 results from assays in mammalian cells do not
rule out indirect effects, and showed irreproducibility or EC50 differ-
ences among labs [12]. For instance, CBD is the most active non-specific
TRPV2 agonist in some studies but seems to show species dependence
with reported EC50 values ranging from 10 to 10 M for mouse or rat
TRPV2, and no activation of human TRPV2 [40]. The CBD EC50 we
obtained for rat TRPV2is 110 pM 1o0* M), a lower efficacy compared to
values reported in the literature. This difference may be due to one or a
combination of i) altered accessibility of the CBD binding site in our
system, ii) the lack of downstream amplification from signaling in a
cell-based assay, and iii) the lack of PBCD pretreatment [26,33,41].

2.5. Agonist-mode determination of PBCD-derivatives activity

Finally, we tested the agonist activity of seven commercially avail-
able PBCD derivatives using our Ca" influx fluorescence assay (Fig. 4D
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and Fig. S13). Ranking compounds by efficiency (lower to higher EC50)
we found: 6 > PBCD (1) > 5 > 3,4 > 8 > 7 > 2. Thus, 6 (subsequently
named PSBA), replacing the two N-linked propyl groups with a piperi-
dine ring, can activate TRPV2 at a lower concentration than PBCD.
Using a Bayesian hypothesis test to the EC50 probability distributions
for PSBA and PBCD (Fig. S21), we find an 84% confidence that the EC50
is indeed lower for PSBA than PBCD (Figs. S16 and S17).

2.6. Assessing vascular responses to TRPV2 agonists

To evaluate whether the higher efficiency of PSBA as compared to
PBCD for activation of TRPV2 in silico/in vitro has physiological rele-
vance, we measured vascular relaxations in an ex vivo model of vascular
reactivity. We first examined TRPV2 expression in aortas from young (3-
to 4-months-old) male Oncine France 1 mice using immunocytochem-
istry (Fig. 5A). TRPV2 was expressed in all three layers of the thoracic
aorta wall. We next compared the effects of PBCD and PSBA on vascular
function. Neither compound was able to induce aortic contractions.
Previous studies have evidenced the vasodilator properties of PBCD in
the rat aorta [16] and in the human forearm and the leg vasculature
[42], and we have recently show the vasodilator properties of PBCD over

TRPV2 [27]. Consistently, both compounds induced
concentration-dependent relaxations in U46619-precontracted arteries
that were lower than relaxations to acetylcholine, an

endothelium-dependent muscarinic receptor agonist that was used as a
relaxation control (Fig. 5B and C). PSBA evoked significantly lower re-
laxations than probenecid (Fig. 5B vs. C). Interestingly, blockade with
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the TRPV2 inhibitor tranilast (100 uM) led to a similar potentiation of
probenecid and PSBA relaxations (Fig. 5B and C). The lower relaxations
of PSBA suggest a lesser capacity of this compound to activate endo-
thelial TRPV2, while the similar potentiation effect of tranilast on both
compound relaxations suggests similar activation of smooth muscle
TRPV2.

2.7. Influence of sex in TRPV2 agonists’ vascular responses — the case of
PSBA

Sex-specific personalized therapies are a priority of cardiovascular
disease treatment considering both the efficacy and the side-effects of
treatments [43]. We subsequently studied the potential sex-dependent
effects of TRPV2 agonists’. We examined aortic function in young (3-
to 4-months-old) male and female C57BL/6 mice. Fig. 4 shows
concentration-dependent relaxations in response to PBCD, PSBA, or
acetylcholine as a function of sex. As expected, both compounds induced
lower relaxations than acetylcholine. Comparing the PBCD and PSBA
responses, similar relaxations were observed in females, whereas in
males, relaxations to PSBA were significantly lower (P < 0.05) than
PBCD (Fig. 5D vs. E). No significant differences by sex were observed in
PBCD relaxations (Fig. 5D). Notably, PSBA relaxations were signifi-
cantly higher in females (Fig. 5E). Previous studies demonstrated that
estrogens potentiate TRPV2 activation by 2-APB [23]. The present re-
sults suggest that estrogens may also potentiate PSBA, but not proben-
ecid, induced aortic relaxations. Altogether, relaxations induced by
PSBA show sexual dimorphism because of higher responses in females.
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These findings hold promise to develop novel sex-dependent personal-
ized therapies based on TRPV2 for treating vasodilator dysfunction
and/or reducing cardiovascular side effects of these drugs.

2.8. Putative binding site for PSBA

Taking advantage of the computational biophysics approach, we
performed the LiGaMD approximation (3 replicates, 500 ns of simula-
tion time) to identify potential PSBA binding sites on TRPV2 using the
PLG binding site (PBD 6WKN) as starting point (Fig. 6). In this case the
LiGaMD approach argues for 2 overlapping clusters (converging in 10
out 11 interactions) with average binding energy of — 89.8 4+ 0.07 kcal
mol ! (Fig. 6A and B). PSBA is stabilized mainly by hydrogen bonds with
Thr522 (TM4/TM5 linker) of one subunit and Arg535/539 in the adja-
cent one; and by van der Waals interactions with His521 and Tyr525
(TM4/TM5 linker) of one subunit and Leu538, Leu542, and Val543
(TM5) of the next subunit (Fig. 6C).

Interestingly, PSBA occupies a location similar to the structurally
determined binding site of 2-APB in rTRPV2 (PDB codes 7T37 and
7NOM, Movie S1), between the N terminus of the TM4-TMS5 linker of one
subunit and TM5 of the adjacent one [24]. PSBA shares with the 2-APB
binding site interactions with Thr522, Tyr525, His521, and Arg539, the
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last two being necessary for the 2-APB activity on rTRPV2 [24]. It has
been suggested that the binding of 2-APB disrupts the cation-n in-
teractions between these four residues, disrupting the stabilization be-
tween TM5 and the TM4-TMS5 linker [24]. PSBA could be exerting its
agonist effecting using a similar mechanism. PSBA interacts with
cholesterol and POPC lipid tails like the ones described in the PBCD
simulations above (Fig. 2). Computational analysis shows that both
PBCD and PSBA explore the large binding site groove shown in Fig. 2A
showing different binding modes (cluster) along this important TRPV2
region (Supporting Information movieS1). Further analysis of this dy-
namic exploration, indicates a crucial role of lipids in the bilayer for
ligand binding, acting both as drug anchoring and/or drug accommo-
dating molecules (Movie S1), pointing to lipids as part of the
drug-binding site in TRPV2, and not merely bilayer structural plays,
likely to happen in most integral membrane proteins.

3. Conclusions

As summary, our study presents a biotechnological combination of
computational and experimental approaches to unveil new drug leads
for TRPV2, an important physiopathological target. Using similarity-
based chemoinformatics we identified 270 potential TRPV2 hits
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(Supporting Dataset 1) derived from known TRPV2 agonists (Fig. 1A).
Using local docking, we have assigned the PBCD binding site in the vi-
cinity of the PLG binding site to further refine it using a Gaussian
accelerated molecular dynamics in a protein system embedded in the
bilayer to assign the putative PBCD binding site on the cytosolic side of
the transmembrane domain between TM4 and TMS5, closer to the
mTRPV2 2-APB binding site. To test the agonist potential of the PBCD
derivatives, we have taken a biotechnological path designing a scalable
screening method using vesicles derived from TRPV2-expressing
P. pastoris membranes in a fluorescence-based Ca’" influx assay,
which together with a robust and unbiased data analysis allow us to
determine EC50 values for different PBCD-derivatives as potential ago-
nists. Of note, our method could be also used to measure antagonist ICsg

values. We identified a novel PBCD-based molecule, namely PSBA, as a
novel TRPV2 activator with both lower experimental EC50 and calcu-
lated binding free energy than PBCD, which has higher affinity for the
rTRPV2 2-APB binding site. At this point it is important to highlight the
role of lipids for ligand binding, and the use of computational methods
to assess the dynamics of ligand binding. Finally, based on the previ-
ously described vasodilator properties of PBCD we show that both PBCD
and PSBA induce concentration-dependent aortic relaxations targeting
TRPV2, while exerting a smooth muscle-derived negative feedback on
these responses. Importantly, we demonstrate that PSBA relaxes the
mouse aorta in a sex-biased fashion, opening the window for sex-based
vasodilator pharmacology to treat several vascular disorders such as
hypertensive or diabetes vasculopathy. Thus, we propose a combination
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of computational and experimental biophysics-based strategies pre-
sented here to improve the future perspective for ligand-based drug
discovery strategies for TRPV2.
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