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Background and Purpose: The transient receptor potential vanilloid 4 (TRPV4) cation

channel participates in multiple physiological processes and is also at the core of dif-

ferent diseases, making this channel an interesting pharmacological target with thera-

peutic potential. However, little is known about the structural elements governing its

inhibition.

Experimental Approach: We have now combined in silico drug discovery and molec-

ular dynamics simulation based on Xenopus tropicalis xTRPV4 structure with func-

tional studies measuring cell Ca2+ influx mediated by human TRPV4 channel to

characterize the binding site of known TRPV4 inhibitors and to identify novel small

molecule channel modulators.

Key Results: We have found that the inhibitor HC067047 binds to a pocket con-

formed by residues from S2–S3 linker (xTRPV4-D542), S4 (xTRPV4-M583 and Y587

and S5 (xTRPV4-D609 and F613). This pocket was also used for structure-based

virtual screening in the search of novel channel modulators. Forty potential hits were

selected based on the lower docking scores (from �250,000 compounds) and their

effect upon TRPV4 functionally tested. Three were further analysed for stability using

molecular dynamics simulation and functionally tested on TRPV4 channels carrying

mutations in the binding pocket. Compound NSC151066, shown to require residue

xTRPV4-M583 for its inhibitory effect, presented an IC50 of 145 nM and demonstrated

to be an effective antiviral against Zika virus with a potency similar to HC067047.

Abbreviations: 4α-PDD, 4α-phorbol 12,13-didecanoate; EETs, epoxyeicosatrienoic acids; MD, molecular dynamics; MM-GBSA, Molecular Mechanics-Generalized Born Surface Area; PEI,

polyethylenimine; SI, selectivity index; TRPV4, transient receptor potential vanilloid 4.
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Conclusion and Implications: Together, we propose structural insights into the inhibi-

tion of TRPV4 and how this information can be used for the design of novel channel

modulators.

LINKED ARTICLES: This article is part of a themed issue on Structure Guided

Pharmacology of Membrane Proteins (BJP 75th Anniversary). To view the other

articles in this section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v179.14/

issuetoc
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1 | INTRODUCTION

The transient receptor potential vanilloid 4 (TRPV4) is a widely

expressed nonselective cation channel that is activated by physical stim-

uli such as hypotonicity (Arniges et al., 2004; Liedtke et al., 2000;

Strotmann, Harteneck, Nunnenmacher, Schultz, & Plant, 2000),

mechanical forces (Andrade et al., 2005), moderate heat (Garcia-Elias

et al., 2013; Güler et al., 2002; Watanabe, Davis, et al., 2002) or UVB

radiation (Moore et al., 2013). Different ligands also modulate TRPV4

activity, including epoxyeicosatrienoic acids (EETs) (Berna-Erro

et al., 2017; Watanabe et al., 2003), bisandrographolide (Smith,

Maloney, Pothen, Clardy, & Clapham, 2006), flavonoids (Shao

et al., 2019; Zhang et al., 2019) and synthetic agonists such as 4α-
phorbol 12,13-didecanoate (4α-PDD) (Watanabe, Vriens, et al., 2002)

or GSK1016790A (Thorneloe et al., 2008). TRPV4 participates in multi-

ple physiological processes, including cell and systemic volume homeo-

stasis (Arniges et al., 2004; Fernandez-Fernandez et al., 2008; Liedtke &

Friedman, 2003; Tian et al., 2009), endothelial function and angiogene-

sis (Vriens et al., 2005), epithelial hydroelectrolyte transport (Takayama,

Shibasaki, Suzuki, Yamanaka, & Tominaga, 2014), nociception

(Alessandri-Haber, Dina, Joseph, Reichling, & Levine, 2006), bladder

voiding (Gevaert et al., 2007), ciliary beat frequency regulation (Andrade

et al., 2005; Jung et al., 2018; Lorenzo, Liedtke, Sanderson, &

Valverde, 2008), innate immunity (Alpizar et al., 2017; Galindo-Villegas

et al., 2016), matrix stiffness (Rahaman et al., 2014) and osteoarticular

maintenance (Muramatsu et al., 2007; O'Conor, Leddy, Benefield,

Liedtke, & Guilak, 2014). TRPV4 is also involved in pathophysiological

conditions ranging from genetic forms of skeletal and peripheral ner-

vous diseases (Nilius & Voets, 2013) to viral infection (Doñate-Macián

et al., 2018) and airways disease (Zhu et al., 2009).

Considering the role of TRPV4 in different pathological condi-

tions, it is not surprising the interest of researchers and pharmaceuti-

cal industry to find appropriate channel modulators. The first specific

TRPV4 antagonists were found more than a decade ago, HC067047

(Everaerts et al., 2010) and RN1734 (Vincent et al., 2009), but

exhibited limitations such as pharmacokinetics profile and toxicity that

prevented their progression to the clinic. Recently, new channel mod-

ulators have been identified in the publication as compound 36, a

quinazolin derivative and potent agonist (EC50 60 nM) with high aque-

ous solubility (Atobe et al., 2019), GSK2798745, a potent (IC50

16 nM) and orally active antagonist (Cheung et al., 2017) already in

phase I clinical trials for the treatment of stable heart failure (Goyal

et al., 2019) along with GSK3491943 and GSK3527497, which effec-

tively blocked TRPV4-induced pulmonary oedema and showed a suit-

able in vivo pharmacodynamics and toxicity (Brnardic et al., 2018;

Cheung et al., 2017). However, despite the current availability of

potent and specific novel TRPV4 antagonists, the mechanisms under-

lying their modulation of channel activity are not completely

understood.

In the present study, we have combined in silico drug discovery

and molecular dynamics (MD) with functional analysis to identify the

HC067047 binding pocket within the structure of TRPV4. Moreover,

we used the inhibitor docking site to screen and test novel small mole-

cules with inhibitory activity on TRPV4.

What is already known

• The TRPV4 channel is an interesting pharmacological tar-

get with therapeutic potential.

What this study adds

• The structural basis for TRPV4 interaction with known

inhibitors

• The identification of novel inhibitors based on this bind-

ing site.

What is the clinical significance

• The effectiveness of novel TRPV4 inhibitors on the infec-

tion caused by Zika virus in vitro.
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2 | METHODS

2.1 | Cells and transfections

HeLa cells (ECACC93021013, CVCL_0030) were transiently trans-

fected with human TRPV4 wild-type (WT)/mutant cDNAs cloned in

the pcDNA3.1 vector as previously described (Doñate-Macián

et al., 2018; Fernandes et al., 2008). In brief, HeLa cells were cultured

in DMEM with 10% FBS at 37�C and 5% CO2. Cells were seeded onto

poly-L-lysine-coated coverslips in 24-well plates and transiently trans-

fected with human TRPV4-WT/mutant constructs using poly-

ethylenimine (PEI) reagent (ExGen500, Fermentas MBI). For each

coverslip, 1 μg of the TRPV4 constructs and 4.8 μl of PEI (7 equiva-

lents) were added. The human hepatocarcinoma cell line Huh7/Scr

(Src transformed CVCL_E049, kindly provided by F. Chisari, The

Scripps Research Institute, La Jolla, CA) was used for viral infection

experiments and cultured as previously described (Doñate-Macián

et al., 2018).

2.2 | Materials and plasmid generation

All reagents were obtained from Sigma, unless otherwise indicated.

Fura-2 AM was obtained from Invitrogen (UK). GSK1016790A,

HC067047 and RN1734 were obtained from Tocris Bioscience (UK).

Compounds used for the initial screening were purchased from

National Cancer Institute Developmental Therapeutic Program (NCI-

DTP). TRPV4 mutants were generated from pCDNA3-TRPV4-WT

plasmid (Doñate-Macián et al., 2018; Fernandes et al., 2008). Muta-

tions were introduced by site-directed mutagenesis using the

QuikChange kit (Stratagene). The primers used for mutagenesis were

as follows: TRPV4-D546A forward ATTCTCTCTTCATTGCTGG

CTCCTTCCAG; TRPV4-D546A reverse CTGGAAGGAGCCAGCAA

TGAAGAGAGAAT; TRPV4-Y591A forward CTGGATGAATGCCCTT

GCCTTCACCCGTGGGC; TRPV4-Y591A reverse GCCCACGGG

TGAAGGCAAGGGCATTCATCCAG; TRPV4-Y591H forward GGATG

AATGCCCTTCACTTCACCCGTGGG; TRPV4-Y591H reverse CCCA

CGGGTGAAGTGAAGGGCATTCATCC; TRPV4-M587A forward GT

CCTGGGCTGGGCGAATGCCCTTTACTT; and TRPV4-M587A reverse

AAGTAAAGGGCATTCGCCCAGCCCAGGAC.

2.3 | Binding site identification and druggability
assessment of the HC067047

The SiteMap module in Schrödinger (Schrodinger, 2020)

(SCR_016748) was used to assess the druggability of the HC067047

binding site based on the Xenopus TRPV4 PDB: 6BBJ (Deng

et al., 2018) and on the rat TRPV1 PDB: 3J5R (Cao, Liao, Cheng, &

Julius, 2013) electron microscopy structures. The preprocessed pro-

tein was submitted to SiteMap using default parameters to calculate

properties such as the exposure, the volume of the pocket and the

degree of hydrophobicity, generating contour maps (“site maps”),

which were scored using Site Score values. For each site, receptor

grids for docking were generated using cubic grids with a size of

20 Å. The grid centre was set at the centroid of each site map. Mole-

cules were docked using Glide program (Friesner et al., 2006) in

Schrödinger suite 2019-2 using default settings (Schrodinger, 2020).

The OPLS3 force field was used for the docking protocol. The ligand

was drawn in 2D sketcher and prepared with the LigPrep suite

(SCR_016746). The ligand was docked using standard precision

(SP) mode by enabling flexible ligand sampling for docking proce-

dures. The 10 best conformations for each ligand were saved. The

default scoring function Glide Docking Score was calculated and used

for sorting the poses. The conformations with lower docking scores

were selected and this binding site was selected as the druggable site.

The molecular docking was replicated to other chains and the MD

simulations were accomplished. To perform all processes described

before, a workflow from KNIME software (Schrodinger, 2020) was

used. Mutations were performed through the Schrodinger maestro

graphical interface.

2.4 | Molecular dynamics (MD) simulations

We performed four independent MD simulations using the Des-

mond program (Bowers et al., 2006) in Schrödinger suite 2019-2.

Each protein–ligand complex was inserted in a POPC membrane of

140 × 140 Å (approximate) and solvated using explicit TIP3P water

models and an orthorhombic box with periodic boundary conditions.

All complexes were neutralized with 0.15 mol�L−1 of NaCl and

parametrized with OPLSe force field. Each simulation was performed

for a total of 500 ns with a recording interval of 100 ps. NPT

ensemble at standard conditions of T = 310.15 K and P = 1 atm

was used. Ligand interaction diagrams were performed using the

“simulation interaction diagram program” module of Schrodinger

maestro.

2.5 | Free energy calculations

Molecular Mechanics-Generalized Born Surface Area (MM-GBSA)

was used to estimate the binding free energy of the TRPV4

protein–ligand, for the WT protein and its mutants. For MM-GBSA

calculation, the final 100 ns were extracted from a total of 500-ns

production MD trajectories. The surface area, MM/GBSA approach,

was used as implemented in the Prime module from Schrödinger

suite 2019-2 using the default settings (Greenidge, Kramer,

Mozziconacci, & Wolf, 2013). The MM/GBSA analysis was per-

formed on three subsets of each system: the protein alone, the

ligand alone, and the complex (protein–ligand). The total free energy

was calculated, including all the molecular mechanics contributions

(bond, angle and dihedral energies, electrostatic and van der Waals

energies).
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2.6 | Ratiometric Ca2+ concentration
measurements and solutions

Cytosolic [Ca2+] signals were obtained from transfected HeLa cells

loaded with 4.5-μM fura-2 AM (Invitrogen) as previously described

(Arniges et al., 2004; Fernandes et al., 2008) and represented normal-

ized relative to the fluorescence ratio (340/380) measured prior to cell

stimulation or inhibitor addition. Cells were incubated in isotonic solu-

tions containing fura-2 AM for 30 min at room temperature. The cells

were then washed thoroughly with isotonic solution. Measurements

of intracellular Ca2+ concentrations were obtained by using an Olym-

pus IX70 inverted microscope (Olympus, Hamburg, Germany). The

excitation light (340 and 380 nm) was supplied by a Polychrome IV

monochromator (Till Photonics, Martinsried, Germany) and directed

towards the cells under study by a 505DR dichromatic mirror (Omega

Optical, Brattleboro, VT). Fluorescence images were collected by a

digital charge-coupled device camera (Hamamatsu Photonics) after

being passed through a 535DF emission filter (Omega Optical) by

using AquaCosmos software (Hamamatsu Photonics). Isotonic bath

solutions used for Ca2+ imaging experiments contained 140-mM NaCl,

2.5-mM KCl, 1.2-mM CaCl2, 0.5-mM MgCl2, 5-mM glucose and 10-

mM HEPES (pH 7.3, adjusted with Tris). Hypotonic solution (30%)

was obtained by reducing NaCl content and adjusting osmolarity to

220 mOsm�L−1. Experiments were double-blinded and carried at room

temperature (�24�C).

2.7 | Data and statistical analysis

Data are expressed as mean ± SEM (unless otherwise indicated).

Statistical analysis using SigmaPlot 12.5 software was assessed with

Student's unpaired t-test, Mann–Whitney U test, one-way ANOVA

followed by Bonferroni post hoc test, or Kruskal–Wallis test

followed by Dunn post hoc test, as appropriate. Differences were

considered significant if P value < 0.05 and depicted as *. The data

and statistical analysis comply with the recommendations of the Brit-

ish Journal of Pharmacology on experimental design and analysis in

pharmacology.

F IGURE 1 Predicted model of HC067047 interaction with TRPV4. (a) Location of HC067047 is shown on the tertiary structure of the
Xenopus tropicalis TRPV4. The image corresponds the last conformation of HC067047 on the binding pocket after 500-ns MD; right, a zoom-in
view of the HC067047 binding pocket. Residues important for interaction with HC067047 are coloured in grey. Hydrophobic interactions, H
bonds and ionic interactions are shown as dashed lines in purple, green and fuchsia, respectively. (b) Interactions between HC067047 and
residues D542, M583 and Y587 of a single subunit in the xTRPV4-WT. (c) Sequence alignment of S2 to S5 from X. tropicalis and human TRPV4.
Key residues within the HC067047 binding site marked in red. *Identical residues; conserved substitutions (same amino acid group); semi-
conserved substitution (similar shapes). (d) Interaction fraction plots depicting protein–HC067047 contacts during the course of 500-ns MD
simulation. Hydrophobic interactions, H bonds, ionic interactions and water bridges are shown in purple, green, fuchsia and blue, respectively.
The stacked bar charts are normalized over the course of the trajectory, for example, a value of 0.7 suggests that 70% of the simulation time the
specific interaction is maintained. Values over 1.0 are possible as protein residues may make multiple contacts of same subtype with the ligand
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2.8 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

We used computational modelling methods such as molecular docking

and MD simulations for an atomistic insight into the interactions

between the TRPV4 cation channel and its specific inhibitor

HC067047, which was used as a prototypical compound to find the

structural features of the binding pocket. The binding mode of the

inhibitor was assessed in the WT channel complex and in the mutants

generated. For the in silico analysis, we used the recently reported

structure of Xenopus tropicalis TRPV4 (xTRPV4) (Deng et al., 2018),

which shares 78% sequence identity with the human protein, whereas

all functional analyses were run on the human protein (hTRPV4).

Docking poses clustered in four cavities in TRPV4, representing a

unique binding site defined in the TRPV4 fourfold symmetry (Figure 1a,

b). The structural information of the xTRPV4-HC067047 complex over

an MD trajectory of 500 ns was investigated to characterize crucial

intermolecular interactions in the binding site. We used MM-GBSA to

estimate the binding energy of HC067047 to the TRPV4-WT complex

obtained from the last 100 ns of MD simulation of a total of 500 ns,

which was −75.1 ± 7.4 kcal�mol−1 (mean ± SD; n = 4). Based on the

most frequent interactions, that is, residues showing more than 50% of

time occupancy (displayed in the magnified view in Figure 1a), we iden-

tified a HC067047 binding site in the xTRPV4-WT system conformed

by residues from S2–S3 linker (D542, corresponding to hTRPV4-D546),

S4 (M583 and Y587, corresponding to hTRPV4-M587 and Y591,

respectively) and S5 (D609 and F613, corresponding to hTRPV4-D613

and F617) (Figure 1c). This binding pocket shows partial overlapping

F IGURE 2 Predicted model of HC067047 interaction with mutant xTRPV4 systems. (a–c) Images corresponding to the last conformation of
HC067047 on the binding pocket after 500-ns MD in the xTRPV4-D542A (a), xTRPV4-Y587A (b) and xTRPV4-Y587H (c) systems. (d–f)
Interaction fraction plots depicting protein–HC067047 contacts during the course of 500-ns MD simulation in the xTRPV4-D542A (d), xTRPV4-
Y587A (e) and xTRPV4-Y587H systems (f). Hydrophobic interactions, H bonds, ionic interactions and water bridges are shown in purple, green,
fuchsia and blue, respectively. The stacked bar charts are normalized over the course of the trajectory: for example, a value of 0.7 suggests that
70% of the simulation time the specific interaction is maintained. Values over 1.0 are possible as some protein residue may make multiple
contacts of same subtype with the ligand
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with the binding site proposed for 50,60-EET (Berna-Erro et al., 2017)

and, less pronouncedly, with the 4α-PDD channel agonist (Vriens,

Owsianik, Janssens, Voets, & Nilius, 2007), which suggests that the site

is a hotspot of channel regulation.

Analysis of the main contacts that HC067047 generated over the

molecular simulation trajectory of 500 ns (Figure 1d) revealed that

residues D542 and D609 engaged mainly in hydrogen bond interac-

tions, direct or water-mediated, as well as ionic interactions with the

protonated amine group and oxygen of morpholine ring in

HC067049, with an occupancy of over 50% during the time of the

trajectory. The Y587, M583 and F613 also played an important role in

the protein–ligand interactions, through hydrophobic contacts. Next,

we computed the behaviour of xTRPV4 complexes in which two resi-

dues that showed high occupancy and stabilize HC067047 interaction

with the TRPV4 were changed, residues D542 and Y587 (Figure 2).

We generated TRPV4 complexes substituting these residues to ala-

nine, D542A (Figure 2a,d) and Y587A (Figure 2b,e), or changing the

charge of the side chain, Y587H (Figure 2c,f). MD of the

xTRPV4-D542A complex showed, first, an increase in the HC067047

binding energy (−69.7 ± 4 kcal�mol−1, n = 4) and, second, the loss of

the interaction between A542 and HC067047, although the interac-

tion of HC067047 with Y587 was strengthened through water-

mediated hydrogen bonds and hydrophobic interactions (Figure 2a,d).

On the other hand, the Y587A mutant complex preserved the overall

interactions presented in the WT complex, although the hydrophobic

interaction with the amino acid A587 was lost (Figure 2b,e). However,

the cation–π or hydrogen bond interactions between the protonated

amine of HC067047 morpholine ring and D609 were strengthened

with an occupancy of over 50% in the system. These small differences

in protein–ligand interactions in the xTRPV4-Y587A complex did not

alter the HC067047 binding energy of the xTRPV4-Y587A complex

(−73.8 ± 11 kcal�mol−1, n = 4). We also generated a xTRPV4-Y587H

complex, which provided relevant data reinforcing the relevance of

Y587 in the interaction with HC067047. We observed that in the

xTRPV4-Y587H complex, the interaction with the residue D609 is

strongly affected by the mutation, although the hydrophobic and

hydrogen bond interactions with residue H587 are evident yet, the

occupancy is less than 100% compared to the complexes without

F IGURE 3 hTRPV4-D546A mutation affects HC067047 inhibition. (a, b) Changes in intracellular [Ca2+] (indicated by normalized fura-2 ratios)
in HeLa cells transfected with hTRPV4-WT (a) or hTRPV4-D546A (b) cDNAs, after perfusion with 1-nM GSK1016790A and addition of
HC067047 (or vehicle) at the indicated concentrations at time t = 0. Traces are means ± SEM of 50 (DMSO), 71 (1 nM), 91 (10 nM), 95 (100 nM),
98 (500 nM), 94 (1 μM) and 63 (10 μM) cells expressing TRPV4-WT and 59 (DMSO), 66 (1 nM), 93 (10 nM), 96 (100 nM), 44 (500 nM), 82 (1 μM)
and 47 (10 μM) cells expressing TRPV4-D546A. (c) Percentage inhibition of GSK1016790A-induced increases in intracellular Ca2+ at different
HC067047 concentrations. Mean ± SEM of 5 (DMSO), 6 (1 nM), 7 (10 nM), 7 (100 nM), 5 (500 nM), 7 (1 μM) and 5 (10 μM) independent
experiments with TRPV4 and 6 (DMSO), 6 (1 nM), 6 (10 nM), 5 (100 nM), 5 (500 nM), 6 (1 μM) and 5 (10 μM) independent experiments with
TRPV4-D546A. (d, e) Changes in intracellular [Ca2+] in HeLa cells transfected with hTRPV4-WT (d) or hTRPV4-D546A (e) cDNAs, after perfusion
with a 30% hypotonic solution in the presence (WT, n = 60; D546A, n = 75) or absence (WT, n = 69; D546A, n = 78) of 10-nM HC067047
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mutation in this residue. These changes and the decrease in the time

of occupancy of few interactions caused a loss of affinity of the

ligand, so its stability at the binding site is affected and, consequently,

the binding energy is increased (−68.8 ± 4 kcal�mol−1, n = 4).

The HC067047 binding site identified in silico was tested on

human TRPV4 expressed in HeLa cells. The channel activity was eval-

uated by imaging the entry of calcium into hTRPV4-transfected and

fura-2-loaded HeLa cells exposed to the TRPV4 agonist

GSK1016790A (Thorneloe et al., 2008). First, we showed that

TRPV4-WT was activated by GSK1016790A and inhibited by

HC067047 in a dose-dependent manner (Figure 3a). TRPV4-D546A,

like TRPV4-WT, was activated by GSK1016790A but showed

reduced inhibition by submaximal concentrations of HC067047

(Figure 3b). Analysis of TRPV4-WT inhibition by HC067047 reported

an IC50 of 2.7 ± 1 nM whereas the IC50 for TRPV4-D546A was

499 ± 36 nM (Figure 3c). Channel inhibition by HC067047 was also

tested in response to cell swelling in the presence of 30% hypotonic

solutions. TRPV4-WT channels showed a pronounced inhibition by

10-nM HC067047 (Figure 3d) whereas no inhibition was detected in

HeLa cells transfected with TRPV4-D546A (Figure 3e).

Next, we tested the relevance of residue Y591 on the binding of

HC067047. This residue has been previously shown to participate in

channel gating (Vriens et al., 2007). Thus, we first tested the activity

of Y591 mutants. Neither hTRPV4-Y591A nor hTRPV4-Y591H

responded to GSK1016790A (Figure 4a) but responded to 30% hypo-

tonicity (Figure 4b,c). Using the hypotonicity-induced activation of

hTRPV4, we observed that hTRPV4-Y591H, like hTRPV4-D545A,

was not inhibited by 10-nM HC067047 (Figure 4b,d), whereas

hTRPV4-Y591A was fairly inhibited (Figure 4c,d). These results are in

agreement with the in silico observations pointing to an altered bind-

ing of HC067047 to the channel carrying xTRPV4-D542A and

xTRPV4-Y587H mutations, but normal TRPV4–HC067047 interaction

in the case of the xTRPV4-Y587A mutation.

We also addressed if other TRPV4 inhibitors such as RN1734 and

ruthenium red, structurally unrelated to HC067047, may also use the

HC067047 binding pocket. RN1734 (Vincent et al., 2009) dose-

dependently inhibited GSK1016790A activated hTRPV4-WT

(Figure 5a,c), whereas RN1734 hardly inhibited TRPV4-D546A

(Figure 5b,c). However, unlike HC056047 (Figure 4), RN1734 reduced

both TRPV4-Y591A and TRPV4-Y591H responses to 30%

F IGURE 4 Effect of hTRPV4-Y591 mutations on HC067047 inhibition. (a) Changes in intracellular [Ca2+] in HeLa cells transfected with
hTRPV4-WT (n = 30), hTRPV4-Y591A (n = 31), or hTRPV4-Y591H (n = 34) cDNAs after perfusion with 1-nM GSK1016790A. (b, c) Changes in
intracellular [Ca2+] in HeLa cells transfected with hTRPV4-Y591H (b) or hTRPV4-Y591A (c) cDNAs after perfusion with a 30% hypotonic solution
in the presence (Y591H, n = 96; Y591A, n = 92) or absence (Y591H, n = 75; Y591A, n = 69) of 10-nM HC067047. (d) Mean and individual dot
plots of the AUC in HeLa cells transfected with the indicated cDNAs and exposed to 30% hypotonic solutions in the presence or absence of
10-nM HC067047. N = 6 for all conditions except DMSO TRPV4-WT (n = 7) and DMSO TRPV4-D546A (n = 5)
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F IGURE 5 HC067047 binding pocket is partially shared by the inhibitor RN1734. (a, b) Changes in intracellular [Ca2+] in HeLa cells
transfected with hTRPV4-WT (a) or hTRPV4-D546A (b) cDNAs, after perfusion with 1-nM GSK1016790A and addition of RN1734 (or vehicle) at
the indicated concentrations at time t = 0. Traces are means ± SEM of 47 (DMSO), 81 (10 nM), 78 (100 nM), 82 (1 μM) and 93 (10 μM) cells

expressing TRPV4-WT and 72 (DMSO), 75 (10 nM), 80 (100 nM), 78 (1 μM) and 60 (10 μM) cells expressing TRPV4-D546A. (c) Percentage
inhibition of GSK1016790A-induced increases in intracellular Ca2+ at different RN1734 concentrations. N = 5 for all conditions except 10-nM
and 10-μM HC067047 TRPV4-WT (n = 6) and 10-μM HC067047 TRPV4-D546A (n = 7). (d, e) Changes in intracellular [Ca2+] (means ± SEM) in
HeLa cells transfected with hTRPV4-D546A (d) or hTRPV4-Y591H (e) cDNAs, after perfusion with a 30% hypotonic solution in the presence
(D546A, n = 83; Y591H, n = 88) or absence (D546A, n = 78; Y591H, n = 75) of 10-μM RN1734. (f) AUC in HeLa cells transfected with the
indicated cDNAs and exposed to 30% hypotonic solutions in the presence or absence of 10-μM RN1734. N number of experiments from left to
right: 5, 6, 5, 7, 6, 6, 6 and 6

DOÑATE-MACIAN ET AL. 3583



hypotonicity, undistinguishable from the inhibition seen in the

TRPV4-WT channel (Figure 5d–f). As with the activation by

GSK1016790A, TRPV4-D546A channel activation by hypotonicity

was not blocked by RN1734 (Figure 5f). Together, these results sug-

gest that both HC067047 and RN1734 require residue D546 for their

inhibitory effect on TRPV4, whereas residue Y591 only participates in

the HC067047 interaction with and inhibition of TRPV4. On the other

hand, the blocking effect of ruthenium red, a nonselective cation chan-

nel blocker (Voets et al., 2002), including TRPV4, that binds to the

pore domain of TRP channels, was not affected by mutations on resi-

dues D546 (Figure 6a–d) or Y591 (Figure 6e,f), independently of the

activating stimuli.

Once the antagonist–protein interactions observed in silico were

validated by mutagenesis studies, we run a structure-based virtual

screening using the National Cancer Institute (NCI) database

(SCR_014886) to discover new TRPV4 inhibitor molecules. To per-

form the screening, we used the HC067047 binding pocket to do the

grid box for docking. The same configuration protocol used for

F IGURE 6 Mutations in hTRPV4 residues D546 and Y591 do not affect channel inhibition by ruthenium red. (a, b) Changes in intracellular
[Ca2+] in HeLa cells transfected with hTRPV4-WT (a) or hTRPV4-D546A (b) cDNAs, after perfusion with 1-nM GSK1016790A and addition of
ruthenium red (or vehicle) at the indicated concentrations at time t = 0. Traces are means ± SEM of 48 (DMSO), 75 (10 nM), 67 (100 nM),
95 (1 μM) and 70 (10 μM) cells expressing TRPV4-WT and 72 (DMSO), 53 (10 nM), 63 (100 nM), 73 (1 μM) and 80 (10 μM) cells expressing
TRPV4-D546A. (c–f) Changes in intracellular [Ca2+] in HeLa cells transfected with hTRPV4-WT (c), D546A (d), Y591A (e), or Y591H (f) cDNAs,
after perfusion with a 30% hypotonic solution in the presence or absence of 1-μM ruthenium red (RR). N values for DMSO in WT, D546A, Y591A
and Y591H are 23, 31, 27 and 35, respectively. N values for RR in WT, D546A, Y591A and Y591H are 30, 33, 31 and 34, respectively. Statistical
analysis of the effect of RR on wild-type versus mutant TRPV4 channels activated by GSK1916790A or hypotonicity reported a P > 0.05 for all
conditions tested in panels (a)–(f ), except for the comparison of the values obtained with 100-nM RR in the presence of GSK (panels a and b)
which was 0.04
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F IGURE 7 Effect of selected hits from the structure-based screening on hTRPV4 channel activity. (a) Percentage of inhibition of hTRPV4-WT
transfected in HeLa cells and activated by 1-nM GSK1016790A in the presence of different compounds and known channel inhibitors at 1 μM
(n ≥ 26 for each compound). (b) Chemical structures of three hits selected for further analysis. (c–e) Changes in intracellular [Ca2+] in HeLa cells

transfected with hTRPV4-WT cDNA after perfusion with 1-nM GSK1016790A and addition of 151066 (c), 212069 (d) and 600684 (e) at the
indicated concentrations at time t = 0. Traces are means ± SEM of 52, 46, 57, 57 and 67 cells for compound 151066; 47, 39, 51, 46 and 67 cells
for compound 212069; and 67, 39, 48, 57 and 50 cells for compound 600684. (f) Percentage inhibition of GSK1016790A-induced increases in
intracellular Ca2+ at different concentrations of 151066 (N = 5, 5, 6, 6 and 6), 212069 (N = 5, 5, 6, 6 and 7) and 600684 (N = 5 for all
concentrations)
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HC067047 was used for the virtual screening process. A KNIME

workflow with Schrodinger software nodes was used to perform all

procedures of TRPV4 inhibitor's choice and screening (Schrodinger

suite, 2019). Of the �250,000 compounds present in the open NCI

database (https://cactus.nci.nih.gov/download/nci), we selected

40 potential hits based on the lower docking scores, which were

tested using Ca2+ imaging in HeLa cells transfected with hTRPV4-WT.

TRPV4-WT was activated by 10-nM GSK1016790A and each of

the inhibitor candidates was added at a concentration of 1 μM

(Figure 7a). TRPV4 inhibition percentage for each drug candidate was

calculated as the decrease observed in GSK response following addition

of the candidate drug (Figure 7a). Among the 40 candidates, 16 showed

a statistically significant TRPV4 inhibition, of which we selected three

candidates with an inhibitory potential similar to HC067047 and

RN1734: NSC151066, NSC212069 and NSC600684 (Figure 7a,b).

These three candidates were further tested at different concentrations

(Figure 7c–f) and their IC50 obtained, which were 145 ± 47 nM for

151066, 69 ± 19 nM for 212069 and 363 ± 150 nM for 600684.

These three compounds were analysed for stability studies using

MD simulation. The simulation studies revealed that 151066 (pink) and

212069 (blue) have good stability, similar to HC067047 (orange) within

the pocket, while 600684 (green) was positioned close to the extracel-

lular region of the protein, unlikely to interact with the key residues

described in the HC067047 binding pocket (Figure 8a). Similar to the

xTRPV4-HC067047 complex, hydrophobic interactions with amino

acids M583 and F613 were observed for xTRPV4-151066 (Figure 8b)

and xTRPV4-212069 (Figure 8c) complexes, whereas the

xTRPV4-600684 complex (Figure 8d) showed no interactions with any

of the HC067047 key binding residues. This prediction was also tested

in HeLa cells transfected with different hTRPV4 mutants. All three

compounds, at a concentration of 1 μM, significantly inhibited the

hTRPV4-D546A (Figure 9a,d) and hTRPV4-Y591H channels (Figure 9b,

e). However, hTRPV4-M587A channel showed reduced inhibition by

212069 and 151066, compared to TRPV4-WT and TRPV4-D546A

channels, and considerable inhibition by 600684 and HC067047

(Figure 9c,d), in agreement with the MD results that proposed residue

M587 is important for the binding of 151066 and 212069 compounds.

Next, we tested the effect of these three new TRPV4 inhibitors

on the activity of the closely related TRPV1 channel (Caterina

et al., 1997). TRPV1 channel was activated with capsaicin followed by

addition of the new compounds at a concentration of 1 μM

(Figure 10a). While 151066 showed no inhibitory effect, both 212069

and 600684 showed significant inhibition (Figure 10a,b). The interac-

tion of HC067047, 151066, 212069 and 600684 compounds with rat

TRPV1 capsaicin binding site (Cao et al., 2013; Liao, Cao, Julius, &

Cheng, 2013) was also studied in silico. Results obtained using a

molecular docking approach confirmed that capsaicin (Figure 10c, yel-

low) stabilized at 3.06–4.55 Å from amino acids that modulate the

TRPV1 vanilloid sensitivity (Y511, M547, T550 and L669) (Gao, Cao,

Julius, & Cheng, 2016; Zhao et al., 2013). Compounds 212069 (blue)

and 600684 (green) (Figure 10c) showed relevant proximity to amino

acids involved in the vanilloid sensitivity of TRPV1 (particularly Y511),

while HC067047 (orange) and compound 151066 (pink) showed a dif-

ferent structural conformation, losing the interaction with many of

F IGURE 8 Interaction of new compounds with residues of the binding pocket. (a) Image corresponding to the last conformation of
HC067047 (orange), 151066 (fuchsia), 212069 (blue) and 600684 (green) on the binding pocket of TRPV4 after 500-ns MD. (b) Close up image of
151066 interactions. (c) Close up image of 212069 interactions. (d) Close up image of 600684 interactions. Hydrophobic interactions, H bonds
and ionic interactions are shown in dashed lines in purple, fuchsia and green, respectively
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these residues, particularly Y511 (Figure 10d). Together, this set of

experiments confirmed certain degree of TRPV4 specificity, versus

TRPV1, for compound 151066.

Finally, we addressed the potential use of 151066 in an experi-

mental condition in which TRPV4 inhibitors have proven effective

antivirals. We have recently reported the involvement of TRPV4 in

Zika virus infectivity of Huh7 cells and that genetic or pharmacological

inhibition of TRPV4 reduced viral infectivity (Doñate-Macián

et al., 2018). We first demonstrated that 151066, similar to

HC067047, inhibited GSK1016790A-mediated currents in human

Huh7 cells endogenously expressing TRPV4 (Figure 11a). Second,

Huh7 cells were exposed to Zika virus at 0.01 MOI and infectivity

was assessed measuring the activity of a luciferase reporter inserted

in the viral RNA genome. Compound 151066 reduced viral infectivity

with an EC50 of 22 nM and 50% cytotoxic concentration (CC50) of

2.99 μM (Figure 11b), which gave a selectivity index (SI) calculated as

CC50/EC50 of 135.9, in the same range of that previously reported for

HC067047 (SI = 187) (Doñate-Macián et al., 2018).

4 | DISCUSSION

Over the last decade, virtual screening has been successfully

employed in the discovery of bioactive lead compounds; however,

only a few TRPV4 modulators have been identified that can be used

for the treatment of TRPV4-related diseases. The combination of in

silico MD with calcium imaging to evaluate TRPV4 channel activity

has proven effective in the characterization of the structural basis of

TRPV4 modulation. We have previously identified domains required

for subunit tetramerization and trafficking (Garcia-Elias et al., 2015)

and demonstrated that the mechanotransducing and osmotransducing

messenger 50 ,60-EET (Fernandes et al., 2008; Vriens et al., 2004;

Watanabe et al., 2003) gates TRPV4 by a direct action on a site

formed by residues from the S2–S3 linker, S4 and S4–S5 linker

(Berna-Erro et al., 2017). We have now characterized the binding

pocket of the TRPV4 inhibitor, HC067047 (Thorneloe et al., 2008),

which is delimited by the S2–S3 linker, S4 and S5, partially over-

lapping with the EET binding site. Within this pocket, we identified

F IGURE 9 Effect of D546A, Y591H and M587A mutations on the inhibitory activity of the new inhibitors. (a) Changes in intracellular [Ca2+]
in HeLa cells transfected with hTRPV4-D546A (DMSO, n = 30; 151066, n = 39; 212069, n = 48; 600684, n = 54) after perfusion with 1-nM
GSK1016790A and addition of different inhibitors (or vehicle) at 1 μM. (b) Changes in intracellular [Ca2+] in HeLa cells transfected with hTRPV4-

Y591H after perfusion with a 30% hypotonic solution in the presence or absence of different inhibitors (DMSO, n = 40; 151066, n = 49; 212069,
n = 52; 600684, n = 55) at 1 μM. (c) Changes in intracellular [Ca2+] in HeLa cells transfected with hTRPV4-M587A (DMSO, n = 63; 151066,
n = 90; 212069, n = 84; 600684, n = 104) after perfusion with 1-nM GSK1016790A and addition of different inhibitors. (d) Percentage inhibition
of GSK1016790A-induced increases in intracellular Ca2+ concentrations generated by TRPV4-WT (151066, n = 6; 212069, n = 6; 600684, n = 5),
TRPV4-D546A (n = 6 for all compounds) and TRPV4-M587A (151066, n = 8; 212069, n = 7; 600684, n = 7) channels using different compounds.
(e) Mean and individual dot plots of the AUC in HeLa cells transfected with the indicated cDNAs and exposed to 30% hypotonic solutions in the
absence (black) or the presence of 1 μM of 151066 (pink), 212069 (blue) or 600684 (green). N = 5 for all conditions except for both control
conditions (n = 6)
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hTRPV4-D546 as a key residue in HC067047-mediated inhibition,

with also hTRPV4-Y591 playing a prominent role, as mutations in

both residues affect inhibition by HC067047. This binding pocket is

not unique for HC067047 as another channel inhibitor, RN1734, also

requires residue hTRPV4-D546, to exert its inhibitory activity. That

this binding pocket is a bona fide inhibitory site was further confirmed

by our structure-based virtual screening. In silico analysis of a data-

base using HC067047 as a prototypical inhibitor and its binding

pocket generated a short list of 40 hits, three of which were effective

TRPV4 inhibitors and one of them, 151066, was shown to depend on

the integrity of the binding site to inhibit TRPV4, as hTRPV4-M587A

became insensitive to 151066.

Our results locate the TRPV4 antagonist binding site at a struc-

tural location that appear to be a hotspot for modulator binding in

TRP channels. TRPC6 channel binds its inhibitor AM1473 in a region

delimited by transmembrane segments S1–S4 (Bai et al., 2020) and

TRPV6 uses residue Y466 on S3 to bind its inhibitor

2-aminoethoxydiphenyl borate (Singh, Saotome, Mcgoldrick, &

Sobolevsky, 2018). Interaction with agonist has also pinpointed to this

structural domain formed by S1–S4 transmembrane segments. In

addition to the already mentioned binding of EET to TRPV4

(Berna-Erro et al., 2017), icilin, a synthetic cooling agonist, binds to

TRPM8 in this site (Yin et al., 2019) and TRPV1 binds capsaicin

through residues located in S4 and S4–S5 linker (Yang et al., 2015).

Together, our structure-based in silico approach has shown a

good predictive ability, confirming the current trend for the use of this

type of approach in the development of potent and specific modula-

tors (Schaller et al., 2020), in addition to be a powerful tool to investi-

gate the ligand-dependent protein activity at the mechanistic level.

Furthermore, MD-based virtual screening presents interesting advan-

tages:- (1) prioritization of compounds by virtual screening, compared

to high-throughput screenings, can reduce considerably the number

of hits requiring experimental testing, (2) MD-based conformations

generate a more realistic dynamic ligand–protein interaction and may

F IGURE 10 Interaction of new compounds with TRPV1. (a) Changes in intracellular [Ca2+] in HeLa cells transfected with hTRPV1 (DMSO,
n = 40; 151066, n = 40; 212069, n = 43; 600684, n = 36 cells) after perfusion with 5-μM capsaicin and addition of DMSO, or the indicated
compounds at 1 μM. (b) Percentage inhibition of capsaicin-induced increases in intracellular Ca2+ concentrations generated by TRPV1 (n = 5 for
all conditions). (c) Image corresponding to the binding of capsaicin (yellow), 212069 (blue) and 600684 (green) on the binding capsaicin pocket of
TRPV1. (d) Image similar to (c) with the addition of HC067047 (orange) and 151066 (fuchsia)

3588 DOÑATE-MACIAN ET AL.

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2429


optimize the identification of hits (Carlson et al., 2000) and (3) offers

valuable information, currently incomplete, on dynamic structures that

can be fed into artificial intelligence approaches to drug discovery in

the era of big data (Vamathevan et al., 2019).

In summary, we have revealed useful insights that can be

exploited for the design future drugs to target different TRPV4-linked

pathologies and underline the emerging potential of the combination

of structure-based in silico simulations with in vitro functional studies

in structural pharmacology.
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