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channel by PI(4,5)P,, thereby resulting in
its inhibition.
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SUMMARY

The calcium-selective TRPV5 channel activated by phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,] is
involved in calcium homeostasis. Recently, cryoelectron microscopy (cryo-EM) provided molecular details
of TRPV5 modulation by exogenous and endogenous molecules. However, the details of TRPV5 inhibition
by the antifungal agent econazole (ECN) remain elusive due to the low resolution of the currently available
structure. In this study, we employ cryo-EM to comprehensively examine how the ECN inhibits TRPV5. By
combining our structural findings with site-directed mutagenesis, calcium measurements, electrophysi-
ology, and molecular dynamics simulations, we determined that residues F472 and L475 on the S4 helix,
along with residue W495 on the S5 helix, collectively constitute the ECN-binding site. Additionally, the struc-
ture of TRPV5 in the presence of ECN and PI(4,5)P,, which does not show the bound activator, reveals a po-
tential inhibition mechanism in which ECN competes with PI(4,5)P,, preventing the latter from binding, and

ultimately pore closure.

INTRODUCTION

The transient receptor potential vanilloid type 5 (TRPV5), and its
close relative (TRPV6), are highly calcium selective inwardly recti-
fying ion channels that demonstrate a remarkable preference for
calcium (Ca®*) over sodium by a factor of 100, with an apparent
affinity for Ca®* of approximately 0.2 mMS. Physiologically,
TRPV5 is expressed predominantly in the kidney, with lower
levels detected in the placenta, testis, and osteoclasts.>® In the
kidney, TRPV5 is located on the apical surface of distal tubular
epithelial cells and plays an important role in Ca* reabsorption.’
Certain loss of function mutations in the human TRPV5 gene has
been linked to the development of kidney stones,'®'" whereas
mice lacking this channel exhibit excessive calcium excretion in
their urine, a condition known as hypercalciuria.'?

Endogenously, TRPV5 is constitutively active and this
activity depends on the plasma membrane phospholipid
phosphatidylinositol-4,5-bisphosphate [PI(4,5)P,]."*"'® On the
other hand, TRPV5 is inhibited by low pH,*'®""® Mg?*>'® as
well as calcium-induced inactivation mediated by calmodulin
binding to the inner base of the pore and the C terminus
of the channel.'*?%?" Additionally, this channel is inhibited
by exogenous compounds such as econazole (ECN) (ICso
~1.3-2 uM), miconazole (ICsq ~1.7 uM) ruthenium red (ICso
~0.1 puM), ZINC9155420 (ICs9 ~3 pM), and ZINC17988990
(leo ~0.1 }J.M).22724

148 Structure 32, 148-156, February 1, 2024 © 2023 Elsevier Ltd.

Originally, we determined the first cryoelectron microscopy
(cryo-EM) structure of TRPV5 in complex with the antifungal
ECN inhibitor at a resolution of 4.8 A.2* We proposed that the
ECN-binding pocket is formed by F425 and 1428 (S3 helix),
L460 and C463 (S4 helix), 1486 (S4-S5 linker), and 1565 (S6 helix
from the adjacent subunit), which corresponds to the canonical
vanilloid-binding site in the TRPV1 channel.?>?” This finding
was supported by functional studies and site-directed mutagen-
esis, which demonstrated reduced inhibition with the F425A mu-
tation. However, subsequent high-resolution TRPV5 structures
in the absence of ECN revealed a similar density that resembles
cholesterol.'*%2":28 Gonversely, a recent cryo-EM structure of
human TRPV6 (which shares 75% identity with TRPV5) in com-
plex with ECN suggested a different binding site. In this case,
the ECN is primarily stabilized by L475 and F472 of the S4 helix
and W495 on the S5 helix.”® Importantly, these residues are
conserved in TRPVS but only partially in the remaining TRPV
channels. Those findings motivated us to re-examine our initially
reported ECN-binding site in TRPV5.

Here, we present new cryo-EM structures of the TRPV5 chan-
nel in complex with ECN with or without the addition of PI(4,5)P,
at resolutions of 2.86 and 2.94 A, respectively. We identified a
solid density between the S1, S4, and S5 helices in both struc-
tures that resembles the ECN density, similar to that observed
in TRPV6.?° Site-directed mutagenesis combined with electro-
physiology, calcium measurements, and molecular dynamics
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Figure 1. TRPV5 channel in complex with econazole in presence and absence of PI(4,5)P,

Density maps and econazole (ECN)-binding site formed by S1, S4, and S5 helices of TRPV5 in the presence of PI(4,5)P, and ECN (A, E) and without ECN (PDB
8FFO) (B, F), and TRPV5 in the absence of PI(4,5)P, with (C, G) and without ECN (D, H). Insets in panel A depict the chemical structure of the ECN. Maps were
contoured at 0.14 (A, B, C) and 0.16 (D) on chimeraX. For E-H, S1, S4, and S5 helices densities were selected using the respective coordinates model within the
25-3A range at same contour level than A-D, and splitted using splitbyzone chimera command. Horizontal gray lines delineate the membrane region. Lipids are
represented in yellow, ECN in green, and PI(4,5)P, in orange. Hole generated-pore profile of TRPVSpipz.ecn (1), TRPVSpip, (J), TRPVSEcy (K), TRPVS AL, (L), and
pore radii along the pathway (M). Dotted line at 1.1 A signifies the radius of the dehydrated calcium ion. See also Figures S1-S3.

simulation confirmed that F472 and L475 residues on the S4 he-
lix, along with W495 residue on the S5 helix, constitute the ECN-
binding site in TRPV5. Furthermore, our structural analysis
provides insights into the inhibition mechanism whereby ECN in-
duces conformational changes in W495 and F493 on the S5 he-
lix, leading to channel closure.

RESULTS

Structure of TRPV5 in complex with ECN
Our previous study of TRPV5 with ECN had TRPV5 stabilized in
detergent and exposed to 6 uM ECN, which is approximately
three times the ICsq value.?* In contrast, its homologous struc-
ture, the human TRPV6, which remains open constitutively,
was resolved in complex with ECN using nanodiscs, with a satu-
rated concentration of 500 uM ECN.?°

Based on these findings, we started with wild-type full-
length rabbit TRPV5 purified and reconstituted into nanodiscs.
We then prepared cryo-EM grids after incubating TRPV5 for

45 min with 400 uM of the channel activator PI(4,5)P, and
500 uM ECN (referred to as TRPV5ppo.ecn). This dataset re-
vealed a single state at a resolution of 2.86 A with C4 symme-
try and 3.18 A without symmetry (Figure 1A; Table 1;
Figures S1-S83). The TRPV5ppa,ecn Map revealed distinct
solid densities corresponding to various lipids including ergos-
terol (ERG), the yeast analog to cholesterol, which had been
previously observed in other TRPV5 structures'®'5:21.24.28
(Figures 1A-1D). We noticed that the ECN-binding pocket
we previously reported®* was occupied by an ERG molecule
in our new preparation (Figure S3). Notably, we also observed
a robust extra density between the S1 helix, the S4 helix, and
the S5 helix from the adjacent subunit, with geometry
consistent with the ECN molecule (Figures 1E and 2A). This
finding parallels the observation made in human TRPV6;>°
however, in that structure, an additional elongated density is
also observed in the binding pocket (Figure S4). Notably,
we did not detect the canonical PI(4,5)P, density in the
TRPV5ppo,ecn map (Figure S3).
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Table 1. Cryo-EM data collection and model statistics

TRPV5gon  TRPVSpipa.ecn TRPVSan,
(EMD-41218, (EMD-41219, (EMD-41217,
PDB 8TF3)  PDB 8TF4) PDB 8TF2)
Data collection
and processing
Magnification 105,000x 105,000x 105,000x
Voltage (kV) 300 300 300
Camera K3 K3 K3
Defocus range (um) —0.8to —2.5 —-0.8to —2.5 —0.8to-2.5
Pixel size (A) 0.83 0.83 0.83
Micrographs 6,018 11,346 6,049
Particles from 2D 324,769 306,512 704,782
classification (no.)
Final particles (no.) 173,323 101,063 79,632
Symmetry C4 Cc4 C4
Map resolution (&)  2.94 2.86 257
FSC threshold 0.143 0.143 0.143
Model refinement
Model composition
Nonhydrogen 19,888 19,888 19,856
atoms
Protein residues 2,408 2,408 2,408

Ligands 20 20 24
R.M.S. deviations

o

Bond lengths (A) 0.028 0.028 0.028
Bond angles (°)  2.403 2.376 2.369
Validation
MolProbity score 1.35 1.29 1.22
Clashscore 4.45 5.28 4.43
Rotamer 0.00 0.58 0.38
outliers (%)
Ramachandran plot
Favored (%) 97.32 97.99 98.49
Allowed (%) 2.68 2.01 1.51
Disallowed (%)  0.00 0.00 0.00

Deposition codes, data collection, processing, and model refinement.

As a control, we prepared grids of TRPV5 with 400 uM PI(4,5)
P, (TRPV5pp,) without ECN.?° The resulting map displayed an
open-state structure at a resolution of 3.5 A (Figures 1B, 1J,
and 1K), with a well-defined density at the previously described
PI(4,5)P,-binding site (Figures S3C and S3D). Similar to the
TRPV5pposecN map, the TRPV5pp, exhibited an ERG molecule
within the vanilloid pocket (Figure S3) and lipid tails occupying
the site where the ECN density was observed in the
TRPV5ppo.ecn Structure (Figure 1F).

Next, we investigated whether ECN can bind to TRPV5 in the
absence of PI(4,5)P,, as in our previous study.”* We prepared
grids of TRPV5 incubated with 500 yM ECN for 45 min
(TRPV5gcn). The resulting dataset yielded a single state at
2.94 A resolution with C4 symmetry and 3.25 A without symmetry
(Figures 1C, S2, and S3). As in the TRPV5ppo,ecn Structure,
TRPV5gcn showed an ERG molecule within the canonical vanil-
loid pocket (Figure S3) and solid ECN density between the S1,

150 Structure 32, 148-156, February 1, 2024

Structure

S4, and S5 helices (Figures 1G and 2B). As a control for this con-
dition, we prepared grids of TRPV5 without any treatment
(TRPV54,,). The resulting structure also showed a single closed
state at resolution of 2.57 A with C4 symmetry as it has already
been published.'*'>2! Most importantly, lipids and ERG mole-
cules were solved at the same position as TRPV5gsy and
TRPV5ppo,ecn Structures; specially, lipid tails occupy the
pocket made by the S2, S4, and S5 helices (Figure 1H). These re-
sults confirmed that TRPV5 could bind ECN in the apo state and
remains in the same conformational state (Figures 1D and 1H).

The ECN-binding site

In comparison to TRPV5g,, TRPV5gcn (root-mean-square devi-
ation [RMSD] = 0.19 A) and TRPV5pipo.eon (RMSD = 0.18 A)
adopt the same closed conformational state (Figures 11-1M).
Likewise, we found that the occupation of the ECN-binding site
by the antifungal compound is indistinguishable between the
states of the channel (Figures 2A and 2B). In both the
TRPV5gcn and the TRPV5ppo,ecn Structures, the imidazole
group of the ECN maintains a CH/ interaction®'™® between
the W495 on the S5 helix (at a distance of ~3.6 A) and the
F472 on the C terminus of the S4 helix (at ~3.8 A), as well as
with L475 at a distance of 3.1 A (Figure S4); the chlorophenyl
group is also underpinned by a CH/= interaction with the V465
on the S4 helix and L475 (at ~3.5 A) on the S4-S5 linker, along
with L496 (at ~2.6 A) and V499 (at ~3.7 A) on the S5 helix; and
the dichlorophenyl group could interact with S334 (at ~3.4 A)
and 1337 (at ~4.1 A) on the S1 helix (Figures 2A and 2B). Similar
results were observed in the TRPV6 structure;”? however, in this
case, the dichlorophenyl group is sandwiched between W495 of
S5 and F472 of S4 (Figure S4). Surprisingly, the ECN-binding
pocket seems to be a permanent cavity and needs to be filled,
as observed in the TRPV5pp; and TRPV5,,, structures where
it is occupied by lipid tails (Figure 2C).

Inhibition mechanism of TRPV5 by ECN

To establish the molecular mechanism underlying the closure of
the TRPV5 channel caused by ECN, we compared the Pl(4,5)P»-
activated TRPV5 and TRPV5ppo.ecn Structures. As previously
reported, the TRPV5pp, structure revealed that Pl(4,5)P, binds
to the basic residue network formed by R302, R305, K484, and
R584, where the interaction with R584 causes the S6 helix to
be pulled out of the pore'*'>*° (Figure S3E). This action widens
the pore at 1575, where the lower gate is located (Figure 1J). In
the presence of ECN, this process is reversed. Once ECN oc-
cupies the binding site, it induces a 16.6° rotation of W495 to-
ward the ECN pocket (Figure 3A) and a 13.9° downward rotation
(Figure 3B). This movement, in turn, leads to an 8.8° inward rota-
tion of the S5 helix toward the center of the pore (Figure 3B).
Consequently, the F493 residue on the S5 helix undergoes a
31° rotation (Figure 3A) and sterically interacts with the pore helix
(S6) at F574. This interaction pushes the S6 helix toward the cen-
ter of the pore by 9.4° (Figure 3B), decreasing the pore radius
from ~3.0 to ~1.0 A at 1575 and from ~4.2 to ~2.5 A at W583
(Figure 1M). In the meantime, W583 and R584 undergo a rotation
of ~114° and 63° toward the pore, respectively (Figure 3D). This
rearrangement disrupts the salt bridge between R584 and PI(4,5)
P,, and the channel closes. During this process, the F478 residue
on the S4-S5 linker from the adjacent subunit undergoes a
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Figure 2. Econazole-binding site of TRPV5

Econazole-protein interactions determine using LigPlot in TRPV5ppo.ecn (A), TRPV5ecn (B), and the lipid tails in TRPV5 4, (C), with overlaid transparent density
contoured at the same contour level than Figure 1 (o = 3). Map densities were splitted as was described in Figure 1. Dotted blue lines connect two atoms used to

calculate the distance (blue). See also Figures S3-S5.

101.2° upward rotation to occupy the space left by F493 and
L573 (Figure 3C). Simultaneously, this movement creates
enough space for the R492 residue, which is situated at a dis-
tance of ~5.2 A from F478, to adjust its position also in response
to changes in the S5 helix (Figure 3C). As the channel transition
into its inhibited state, R492 moves closer to F478 (at ~5.5 A).
Interestingly, this closer proximity to F478 coincides with R492
moving farther away from the 4’-phosphate of the PI(4,5)P,,
shifting from its original distance of ~4.9 to ~7.7 A (Figure 3D).
This observation suggests a potential connection between the
PI(4,5)P, and the ECN-binding sites.

Remarkably, those conformational changes are not exclusive
to TRPV5; the human TRPV6 inhibited by ECN exhibits similar ro-
tations of W495, F493, and F478 residues even though the di-
chlorophenyl from the ECN is the group that interacts with the
F472 and W495 (Figure S4B). However, the TRPV6 channel un-
dergoes an a-to-7t transition in the S6 helix during this process,
which has been seen in any TRPV5 structure,'®%:21:23:24

F472, L475, and W495 constitute the ECN-binding site

In order to corroborate the ECN-binding site of TRPV5, we trans-
fected HEK293 cells with wild-type, F472A, L475A, or W495A
TRPV5 and performed intracellular Ca%* concentration measure-
ments and whole-cell patch clamp experiments to assess their
sensitivity to ECN inhibition. The W495A mutant was not func-
tional, indicating that this residue plays a crucial rule in the func-
tioning of the channel, thus we focused on testing ECN sensitivity
of the F472A and L475A mutants. First, we performed intracel-
lular Ca2* measurements to detect Ca®* influx through the chan-
nels (Figures S5A-S5D). The wild-type TRPV5 exhibited an ICsq
value of 13 + 2 uM (n = 3). However, the inhibitory effect was
diminished in the F472A mutant, which displayed an IC5, value
of 44 + 12 uM (n = 3). The impact was even greater in the
L475A mutant, which exhibited an IC5y value of 125 + 8 uM
(n = 3) (Figure 4A). Unfortunately, the low solubility of ECN pre-
vented us from reaching full inhibition, especially in the mutant
channels, introducing some uncertainty to the ICso values.
Thus, we confirmed reduced ECN inhibition of the mutant chan-

nels by measuring monovalent currents through TRPV5 in whole-
cell patch clamp experiments (Figures S5E-S5G). Monovalent
currents were inhibited by ~100% (n = 7) in wild-type TRPV5,
but only by ~65% (n = 6) in the F472A mutant and ~25%
(n = 6) in the L475A mutant when exposed to 10 uM ECN (Fig-
ure 4B). We also tested the double-mutant F472A-L475A, and
charge L475 mutants; however, all of them were not functional
(Figure S5).

Next, to further validate the role of these residues in ECN bind-
ing, we conducted a 500 ns all-atom molecular dynamics simula-
tion starting with TRPV5pps,ecn. Through RMSD, we observed
that the protein achieved a stable configuration along the simula-
tion with an RMSD value ranging from 2.5 to 3.0 A (Figure S5E).
Similarly, the root-mean-square fluctuation analysis revealed
that the ECN-binding residues exhibited fluctuations of approxi-
mately 1.2 A (Figure S5I). Additionally, the ECN molecules dis-
played RMSDs ranging from 1.0 to 3.0 A, however, also show a
wide range of movement (Figures 4D and S5E-S5H). This
enhanced mobility could be attributed to their location at the inter-
face between the membrane, water, and the protein, where they
experience dynamic interactions. We further examined the
nonbonded interactions by measuring the distance between
each residue forming the binding site and the center of the
mass of the ligand, revealing that the ECN primarily interacts
with the A333, 1337, A469, F472, L475, and W495 residues (Fig-
ure 4E, top). Consistently, the decomposition analysis of the bind-
ing energy indicated that 1337, F472, L475, and W495 contribute
significantly to the overall binding energy (Figure 4E, bottom).

In summary, our data suggest that the F472, L475, and W495
residues make important contributions to the ECN-binding site,
which remains conserved in both TRPV5 and TRPV6 channels.

DISCUSSION

In our previous ECN-bound TRPV5 structure solubilized in deter-
gent, we proposed that the ECN binds to the canonical vanilloid-
binding site;**"*® however, recent structures at higher resolution
in the absence of the ECN contain similar elongated densities
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at the vanilloid pocket that resemble a cholesterol mole-
cule.'*521:28 Despite the functional studies that we showed to
support our conclusions, certain factors such as the low concen-
tration of the inhibitor used in the preparation, the use of deter-
gent instead of nanodiscs, and the low resolution of the resulting
map may have impacted determination of the true ECN-bind-
ing site.

In this new study, we solved the structure of TRPV5 in complex
with the inhibitor ECN, both in the presence and absence of the
activator PI(4,5)P,, at much higher resolution. Our findings
demonstrate that TRPV5 and TRPV6 share a conserved ECN-
binding site. Specifically, in TRPV5, ECN is primarily stabilized
by CH/m interactions with F472 on the S4 helix, L475 on the
S4-85 linker, and the W495 residue on the S5 helix (Figure S4).
Moreover, we observed that the density presented in the canon-
ical vanilloid site resembles an ERG molecule, which may func-
tion as the structural lipid that has also been seen in TRPV6.**
Notably, the F425 residue that we previously reported as part
of the ECN-binding site is in contact with the S4 helix at Y467
(Figure S4G).2* This could explain the reduction in ECN inhibition
observed in our earlier studies.

Interestingly, when ECN was applied to PI(4,5)P,-activated
TRPV5, it prevented PI(4,5)P, from binding to the channel, consis-
tent with the expected behavior of an inactive channel. Similar re-
sults were obtained when TRPV5 was simultaneously exposed to
PI(4,5P, and the ruthenium red (RR) blocker (J.J.d.J.-P. and
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Figure 3. Conformational changes of TRPV5
inhibited by econazole

Comparative structural analysis of the TRPV5 acti-
vated with PI(4,5)P, (orange) and inhibited by ECN
(blue): view from extracellular (A), parallel to the
membrane (B, C), and from intracellular side (D) of
S4, S4-S5 linker, S5, and S6 helices. The pore region
is represented by gray dots. Structural rotation and
displacements are indicated by curved and straight
arrows, respectively. Blue dash lines link atoms
employed for distance calculation. See also Fig-
ure S4.

V.Y.M.-B., unpublished data) or low pH."®
Inthe case of RR, it was found that RR binds
to the pore above the lower gate, interacts
with N572, and causes the closure of the
pore by disrupting the R584-PI(4,5)P, inter-
action (J.J.d.J.-P. and V.Y.M.-B., unpub-
lished data). On the other hand, Fluck
et al. propose that the inhibition of TRPV5
at low pH is a result of salt bridge formation
around K607 (the intracellular pH sensor)
and the interruption of PI(4,5)P, interaction
with the channel.

These mechanisms partially align with
our current findings. Our proposed model
suggests that ECN initiates pore closure in
TRPV5 by interacting via CH/m interac-
tions with W495 on the S5 helix and
F472. This contact facilitates the move-
ment of the S5 helix and the rotation of
F493 residue to interact sterically with the S6 helix at F574.
Thus, the S6 helix is driven toward the pore, resulting in its
closure. The reduction of the pore size at the lower gate pro-
motes the rotation of the W583 residue toward the pore (Fig-
ure 1M), leading to the loss of the salt bridge between the
4'-phosphate of the PI(4,5)P, and the R584 residues. Further-
more, the movement of the S5 helix substantially increases
the distance between R492 and the 4'-phosphate of PI(4,5)
P,. Although in our case that distance is ~4.7 A (TRPV5ppo),
it has been reported that it can be reduced to approximately
36 A (7T6Q)," with a ~0.5 of probability of interaction based
on molecular dynamics simulation.>> While these disrupted in-
teractions could potentially perturb the interaction of Pl(4,5)P,
with R302, R305, and K484, experiments involving R584 muta-
tions have shown only modest decreases in channel activation
by PI(4,5)P,,° suggesting there may also be an allosteric influ-
ence on TRPV5 inhibition by ECN.

The conformational changes resulting from the movement of
F493 and the S6 helix at F574 create an empty space that is re-
filled by F478. This triangular zone of phenylalanines appears to
be crucial for channel function. Functional studies focusing on
the vicinity of the lower gate (1575) have shown that mutation of
M577 to asparagine in rat TRPV5 (located at 3.6 A from F478
in the TRPV5pp,, Figure S4H) or in human TRPV6 (M517N, at
3.5 A from F478 in the TRPV5,pen) produces an increase in the
Ca®* currents.®” Furthermore, F493 is conserved in all TRPV
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Figure 4. TRPV5 inhibition by econazole

(A) Intracellular Ca* concentration measurements were performed in HEK293 cells transfected with the Ca®* sensor GCaMP6 and wild-type or mutant roTRPV5
channels, as described in the STAR methods section. Cells were pretreated with various concentrations of econazole in a Ca?*-free extracellular solution, and the
increases of fluorescence in response to increasing extracellular Ca®* to 1 mM were plotted, normalized to the response evoked in cells without econazole
pretreatment, n = 3 different transfections. See Figure S5 for representative traces and further details. All data plotted as mean + SEM.

(B) Representative currents from HEK293 cells transfected with wild-type or mutant roTRPV5. Whole-cell patch clamp experiments were performed as described
in the Methods section. At the beginning of the experiment, the cells were kept in a nominally Ca?*-free solution containing 1 mM Mg?*. In this solution, currents
are largely blocked by Mg?* and the trace amounts of Ca?*. Monovalent currents were initiated by removing Mg?* and chelating Ca®* with EGTA (0 Ca®* 0 Mg?*).
Top traces show currents at 100 mV, bottom traces at —100 mV, the dashed line indicates zero current. The application of 10 uM econazole (ECN) is indicated by
the horizontal lines. (C) The percent inhibition evoked by 10 uM econazole is plotted. Statistical significance was calculated with one-way analysis of variance and
Tukey’s post hoc test. The bar height is the mean + SEM (D) Dynamic configuration of ECN molecules (purple) within each subunit (ECN1-ECN4) sampled at 10 ns
intervals from every of the five independent replicas of 500 ns all-atom molecular dynamics simulation. These conformations are compared to the position
observed in TRPVppo,ecn Cryostructure (green). (E) Top, the violin plot showcases the distribution of distances from the center of mass of the ECN molecules
within each of the 4 subunits (ECN1-ECN4) to the key residues constituting the binding site, compiled from the total 2.5 us simulation (5 x 500 ns): bottom, a
heatmap representation of mean binding energies per residue, calculated at 10 ns intervals across each of the five simulations (denoted as 1-5) and for each ECN
molecule (ECN1-ECN4) employing the g_mmpbsa tool and the solvent-accessible surface are (SASA) model. Residues that contribute most significantly to the
binding energy are depicted in green. See also Figures S5.

subfamily members, while F478 is replaced by a tyrosine in ® KEY RESOURCES TABLE
TRPV1-4 channels (Figure S5), indicating that these residues ® RESOURCE AVAILABILITY
could play a significant role in the TRPV channel function. O Lead contact

In summary, our molecular findings provide insights into the O Materials availability
binding and inhibitory mechanism of ECN on the TRPV5 channel. O Data and code availability
These results help us for the development of new pharmacolog- ® EXPERIMENTAL MODEL AND STUDY PARTICIPANT
ical tools to regulate Ca?*-selective TRPV subfamily channels. DETAILS

e METHOD DETAILS

STARX*METHODS O TRPVS protein preparation

O Cryo-EM sample preparation and data collection

Detailed methods are provided in the online version of this paper O Data proc.es.sing
and include the following: O Model building
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O Molecular dynamics simulations
O Whole-cell patch clamp
O Intracellular Ca* measurements
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.str.
2023.11.012.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
1D4 primary antibody Hodges et al.”® N/A

Chemicals, peptides, and recombinant proteins

SD-Leu Media

Glycerol

Protease inhibitor cocktail
CnBr-activated Sepharose beads

1D4 peptide

Lauryl Maltose Neopentyl Glycol (LMNG)
Decyl Maltose Neopentyl Glycol (DMNG)
TCEP

Soy polar lipids

MSP2N2

Bio-Beads SM-2 Absorbent media
diC8-PI(4,5)P,

Econazole nitrate

Econazole nitrate

Effectene Transfection Reagent
Poly-L-lysine

Fisher BoiReagents
Fisher BioReagents
Sigma-Aldrich
Cytiva

Genscript

Anatrace

Anatrace

Pierce

Avanti

Grinkova et al.*°
Addgene

BioRad

Echelon Biosciences
Cayman

Thermo Scientific Chemicals
Qiagen

Sigma-Aldrich

Cat# MP114811075
Cat# BP229-4

Cat# P8215

Cat# 17043001

N/A

Cat# NG310

Cat# NG322

Cat# PG82090
Cat# 541602C

Cat# 29520

Cat# 1528920
Cat# P-4508
Cat #20223
Cat# J63173.06
Cat# 301425
Cat# P4707

Critical commercial assays

Alkali-Cation Yeast Transformation Kit

MP Biomedicals

Cat# 112200200

QuikChange Il XL Site Directed Mutagenesis Kit Agilent Cat# 200522

Deposited data

TRPV5gcn This paper PDB: 8TF3; EMDB: 41218
TRPV5pip2.ecN This paper PDB: 8TF4; EMDB: 41219
TRPV545, This paper PDB: 8TF2; EMDB: 41217
TRPV5ap0, pHs Fluck et al.’® PDB: 7T6J; EMDB: 25716
TRPV6ecn Neuberger et al.?® PDB: 7S8C; EMDB: 24893
TRPV5pip, Lee et al.”” PDB: 8FFO; EMDB: 29049
Experimental models: Cell lines

Human Embryonic Kidney 293 (HEK293) cells ATCC Cat# CRL-1573
Experimental Models: Organisms/Strains

Saccharomyces cerevisiae BJ5457 ATCC Cat# 208282
Oligonucleotides

TRPV5 F472A Forward primer: ATGGGCCTAGCATCT Eton Bioscience N/A
GGGCTCCTCGAGCAAAGTACATG

TRPV5 F472A Reversed primer: CATGTACTTTGCTCG Eton Bioscience N/A
AGGAGCCCAGATGCTAGGCCCAT

TRPV5 L475A Forward primer: TGATGGTGAATGGGCC Eton Bioscience N/A
TGCCATCTGGAATCCTCGAG

TRPV5 L475A Reversed primer: CTCGAGGATTCCAGA Eton Bioscience N/A
TGGCAGGCCCATTCACCATCA

TRPV5 F472A + L475A Forward primer: ATGGTGAATG Eton Bioscience N/A

GGCCTGCCATCTGGGCTCCTCG

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
TRPV5 F472A + L475A Reversed primer: CGAGGAGC Eton Bioscience N/A
CCAGATGGCAGGCCCATTCACCAT

TRPV5 W495A Forward primer: GATAACCACAGCCAT Eton Bioscience N/A
TAGCGCGCAGAAACGCATTAGGTCT

TRPV5 W495A Reversed primer: AGACCTAATGCGTTT Eton Bioscience N/A
CTGCGCGCTAATGGCTGTGGTTATC

TRPV5 L475E Forward primer: CATGATGGTGAATGGG Eton Bioscience N/A
CCCTCCATCTGGAATCCTCGAGC

TRPV5 L475E Reversed primer: GCTCGAGGATTCCAG Eton Bioscience N/A
ATGGAGGGCCCATTCACCATCATG

TRPV5 L475D Forward primer: CATGATGGTGAATGG Eton Bioscience N/A
GCCATCCATCTGGAATCCTCGAGC

TRPV5 L475D Reversed primer: GCTCGAGGATTCCAG Eton Bioscience N/A
ATGGATGGCCCATTCACCATCATG

TRPV5 L475K Forward primer: ATGATGGTGAATGGGC Eton Bioscience N/A
CTTTCATCTGGAATCCTCGAGC

TRPV5 L475K Reversed primer: GCTCGAGGATTCCAG Eton Bioscience N/A
ATGAAAGGCCCATTCACCATCAT

TRPV5 L475R Forward primer: ATGATGGTGAATGGGC Eton Bioscience N/A
CTCTCATCTGGAATCCTCGAGC

TRPV5 L475R Reversed primer: GCTCGAGGATTCCAG Eton Bioscience N/A
ATGAGAGGCCCATTCACCATCAT

Recombinant DNA

YepM rabbit TRPV5 plasmid Moiseenkova-Bell et al.*® N/A
GCaMP6 plasmid Hughes et al.?* N/A
rabbit TRPV5-IRES-GFP plasmid Hughes et al.?* N/A

Software and algorithms

pClamp 11.1

cryoSPARC v4.0.x

COOoT

ISOLDE
eLBOW

PHENIX

HOLE
Chimera
ChimeraX

PyMol 2.3
LigPlot

CHARMM-GUI
Positioning of Proteins in Membrane server
CHARMM General Force Field (CGenFF) server

Gromacs 2020.2
g_mmpbsa tool
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Molecular Devices

Punjani et al.*°
Punjani et al.*'
Punjani et al.*?
|.43

Emsley et al
Croll et al.**
Moriarty et al.*®

Adams et al.*®

Smart et al.*’
Pettersen et al.>®

Goddard et al.®°
Pettersen et al.®’

Schrodinger, Inc.

Laskowski and Swindells*®

Joetal.*®

Lomize et al
| 51

|62

Yu et al

Vanommeslaeghe et al.>”

Berendsen et al.”®

Kumari et al.®”

https://www.moleculardevices.com/products/
axon-patch-clamp-system/acquisition-and-
analysis-software/pclamp-software-suite

https://cryosparc.com

https://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot

https://tristanic.github.io/isolde/

https://phenix-online.org/documentation/
reference/elbow_gui.html

https://phenix-online.org/documentation/
index.html

http://www.holeprogram.org/
https://www.cgl.ucsf.edu/chimera/
https://www.cgl.ucsf.edu/chimerax/

https://pymol.org/2/

https://www.ebi.ac.uk/thornton-srv/software/
LigPlus/download.html

http://www.charmm-gui.org
http://opm.phar.umich.edu/server.php
https://cgenff.umaryland.edu

https://www.gromacs.org/
https://github.com/RashmiKumari/g_mmpbsa
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REAGENT or RESOURCE SOURCE IDENTIFIER

VMD Humphrey et al.®® https://www.ks.uiuc.edu/Research/vmd/

Origin 8.5.1 Origin Lab https://www.originlab.com/

Excel Microsoft https://www.microsoft.com/en-us/
microsoft-365/excel

ggplot2 Wickham®* https://ggplot2.tidyverse.org
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Lead contact
Further information and requests for either resources or reagents should be directed to and will be fulfilled by the lead contact, Vera VY.
Moiseenkova-Bell (vmb@pennmedicine.upenn.edu).

Materials availability
Requests for materials generated in this study should be directed to and will be fulfilled by the lead contact Vera Y. Moiseenkova-Bell
(vmb@pennmedicine.upenn.edu).

Data and code availability

All data generated in these studies are available upon request from lead contact Vera Y. Moiseenkova-Bell (vmb@pennmedicine.
upenn.edu). The atomic coordinates and cryo-EM density maps of the structures presented in this paper are deposited in the Protein
DataBank and Electron Microscopy DataBank under the accession codes TRPV5gcy (PDB: 8TF3 and EMDB: EMD-41218),
TRPV5pipo,ecn (PDB: 8TF4 and EMDB: EMD-41219), TRPV5,,, (PDB: 8TF2 and EMDB: EMD-41217). This paper does not report
original code.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For structural studies, the TRPV5 channel was expressed in BJ5457 Saccharomyces cerevisiae (ATCC, Cat# 208282) with a YepM
plasmid bearing rabbit TRPV5 sequence with 1D4 epitope tag and maintained at 30°C, using an alkali-cation yeast transformation kit
(MP Biomedicals, Cat# 112200200) according to the instruction of the manufacturer. For expression of TRPV5 channel in electro-
physiological or for intracellular Ca?* measurements studies, Human Embryonic Kidney 293 (HEK293) cells (ATCC, Cat# CRL-
1573) were transfected with 200 ng rbTRPV5-IRES-GFP (wild-type or mutant) using the Effectene transfection reagent (Qiagen,
Cat# 301425). Additional details can be found in the method details.

METHOD DETAILS

TRPVS5 protein preparation

TRPV5 preparation followed the previously established protocol described in Fluck et al., 2021. Briefly, TRPV5 with a C-terminal 1D4
epitope tag in a YepM vector®® was transfected into BJ5457 Saccharomyces cerevisiae (ATCC) using an alkali-cation yeast trans-
formation kit (MP Biomedicals) according to the instruction of the manufacturer. Transformed cells were plated on SD-Leu agar
plates and allowed to grow at 30°C for 2 days 30-50 colonies were picked from a plate and inoculated into a single 125 mL starter
culture containing SD-Leu media and 10% v/v glycerol. The culture was incubated at 30°C until reaching the top of the log phase (OD
1.0-1.4). After confirmation of protein expression by Western blot, the cells were grown at 30°C with shaking at 200 rpm in 2.5 L of
media per flask until OD of 1.0-1.4 was reached. Cells were harvested by centrifugation at 3000 x g, resuspended in storage buffer
(25 mM Tris-HCI, pH 8.0, 300 mM sucrose, and 1 mM PMSF) on ice, and then spun down at 3000 X g to discard the supernatant. Cell
pellets were subsequently stored at —80°C. This expression culture was propagated using 15 mL of the previous growth at OD 1.0-
1.4 for several days until the desired amount was obtained.

Approximately 60 L of growth cells were thawed and resuspended in 300 mL of homogenization buffer (25 mM Tris-HCI, pH 8.0,
300 mM sucrose, 5 mM EDTA, and protease inhibitor cocktail). The resuspended cells were lysed using a M110Y microfluidizer (Mi-
crofluidics) at 100-120 psi. The membranes were separated from cellular debris by centrifugation at 3,000 x g for 10 min, followed by
centrifugation of the supernatant at 14,000 x g for 35 min. The membranes obtained from the previous spin were then pelleted at
100,000 x g for 1 h. The pelleted membranes were harvested and resuspended on ice using a 15 mL tissue homogenizer (Kontes
Duall with PTFE pestle) in buffer containing 25 mM Tris-HCI, pH 8.0, 300 mM sucrose, and 1 mM PMSF, and stored at —80°C.

TRPV5 was solubilized from the thawed membranes in solubilization buffer (20 mM HEPES, pH 8.0, 150 mM NaCl, 2 mM TCEP, and
0.87 mM LMNG,). The insoluble fraction was separated by centrifugation at 100,000 x g for 1 h. The resulting supernatant was incu-
bated with 1D4-antibody coupled to CnBr-activated Sepharose beads for 3 h. The beads were collected on a gravity flow column,
washed with wash buffer (20 mM HEPES, pH 8.0, 150 mM NaCl, 2 mM TCEP, and 0.064 mM DMNG). The beads were incubated with
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elution buffer (20 mM HEPES, pH 8.0, 150 mM NaCl, 2 mM TCEP, and 0.064 mM DMNG, 3 mg/mL 1D4 peptide) overnight. TRPV5
was eluted in 1 mL fractions every 5 min. Peak fractions were pooled and concentrated using a 100-kDa concentrator (Millipore). For
reconstitution into nanodiscs, an equimolar amount of MSP2N2 protein®® was incubated with the detergent-solubilized TRPV5 in the
presence of soy polar lipids and DMNG detergent in a 1 mL reaction volume. The ratio of TRPV5:MSP2N2:lipid:DMNG in mixture was
1:1:200:500. The reaction mixture was incubated on ice for 30 min, followed by the addition of ~30 puL of Bio-Beads. The mixture was
rotated at 4°C for 1 h. The supernatant was transferred to a new tube, and another 30 pL of fresh Bio-Beads was added before
rotating at 4°C overnight to complete the reaction. Reconstituted TRPV5 was subjected to a Superose 6 increase 10/300 GL column
(GE Healthcare) equilibrated with 20 mM HEPES, pH 8.0, 150 mM NaCl, 2 mM TCEP (SEC buffer). Fractions containing nanodisc
reconstituted TRPV5 were pooled and concentrated to 2.15 mg/mL.

Cryo-EM sample preparation and data collection
TRPV5gcn and TRPVSppo.ecn S@amples were incubated with 500 uM econazole or with 500 uM + 400 uM diC8-PI(4,5)P, (Echelon
Biosciences) for 45 min, respectively. Econazole was solubilized in 100% DMSO (100 mM) and then diluted at 15% in SEC buffer
(15 mM). TRPV5,,, sample was blotted after concentration without any treatment. Using a Vitrobot Mark IV (Thermo Scientific),
3 pL of the samples were applied to glow-discharged 1.2/1.3 Quantifoil Holey Carbon Grids (Quantifoil Micro Tools). The sample
was blotted in a chamber at 4°C and 100% humidity for 6 s at 0 blotting force before being freezing in liquid ethane.

Samples were imaged on a Titan Krios G3i 300 kV electron microscope with a Gatan K3 direct electron detector. 35-42 frame
movies were collected with a nominal dose of 41-42 e /A2, Super-resolution images for all datasets were collected at 105,000 magni-
fication with a pixel size of 0.415 A/pixel.

Data processing

Two datasets of 4,757 (DS1) and 6,589 (DS2) movies were collected for the TRPV5pip0.£cn, and processed in cryoSPARC v4.0.1.40742
Movies were patch motion corrected with a Fourier crop factor of 0.5 and an alignment resolution of 4 A, and then the patch CTF was
estimated. The template for autopicking was created with 99,610 (DS1) and 94,010 (DS2) particles blob picked from subsets of 300
micrographs and used for extraction. 676,422 and 639,819 particles were extracted and binned by a factor of 4 with a box size of 72
pixels from DS1 and DS2, respectively. These particles were 2D classified with 100 classes, resulting in 126,429 (DS1) and 180,083
(DS2) good particles that were re-extracted. Particles were oriented with the TRPV5 apo map (EMD-25716) and refined with a non-
uniform refinement in C1 and C4 symmetry to generate the initial model.*’ A three-class heterogeneous refinement was performed to
separate good particles, resulting in a good class of 86,585 (DS1) and 123,813 (DS2) particles at 1.66 /&/pix. Particles from DS1 were
subjected to 3D classification with 5 classes focusing on the pore region. The best three classes, totaling 47,825 particles, were com-
bined to produce a final structure with a resolution of 3.4 Ainc4 symmetry at 0.83 A/pix. On the other hand, particles from DS2 were
subjected to 3D variability focused on the pore with 10 frames. The best frames were combined, resulting in 70,638 particles and a
final structure with a resolution of 3.10 A in C4 symmetry at 0.83 ,&/pix. The final model from both datasets was combined and het-
erogenously refined into three volumes. The best structure form with 101.063 particles was refined with a non-uniform refinement to
produce the final maps in C1 and C4 symmetry at a resolution of 3.18 Aand 2.86 A, respectively.

For TRPV5ecy datasets, 6,018 movies were collected and processed using cryoSPARC v4.0.2.°*? Movies were patch motion
corrected with an alignment resolution of 4 A and a Fourier crop factor of 0.5, and then run through patch CTF estimation. Images
were then autopicked using 2D templates generated from a subset of 300 micrographs. 1,426,748 million of particles were extracted
and sorted by 2D classification into 100 classes at 3.32 A/pix. The remaining 324,769 particles were re-extracted at 1.66 ,&/pix to
generate the first model using non-uniform (NU) refinement with the TRPV5 Apo (EMD-25716) as a reference model. These particles
were heterogeneously refined into 3 classes. The 200,376 particles from the best class were re-extracted at 0.83 ,&/pix, and NU
refined in C1 symmetry; then subjected to another round of heterogeneous refinement into 4 classes. Two classes consisting of
173,323 particles were combined to produce the final maps in C1 and C4 symmetry at resolutions of 3.25 Aand2.94 A, respectively.

Similarly, for TRPV5,,, datasets 6,049 movies were collected and processed on cryoSPARC v4.0.2.%°"*? Movies were patch mo-
tion corrected with an alignment resolution of 4 A and a Fourier crop factor of 0.5, then the patch CTF was estimated. 2,300,807
million of particles were autopicked, extracted and sorted with 2D classification into 100 classes at 3.32 /&/pix The template for
2D autopick was built from a subset of 300 micrographs. 704,782 were selected and heterogeneously refined into 3 classes. The
best class of 439,479 particles was re-extracted at 1.66 A/pix and subjected to another round of heterogeneous refinement into 3
classes. The best class were re-extracted at 0.83 A/pix and NU refined in C4 symmetry (2.93 A), then subjected to 3D classification
into 3 classes focused on the pore. The best map forming with 79,632 particles was NU refined to generate the final map with a res-
olution of 2.57 A in C4 symmetry.

The local resolution of all structures was determined in cryoSPARC, and the angular distributions were generated with the UCSF
pyem package.

Model building

The TRPV5 apo state model (7T6J)'° was used as the initial model for each structure, and manually adjusted in COOT*® and
ISOLDE,** then lipids, PI(4,5)P,, and econazole, obtained from the ePDB database, were docked and manually adjusted. Real
Space_Refinement and eLBOW**® from the PHENIX software*® were used to refine and to generate ligand restraints, respectively.
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Pore profiles were determined using HOLE.*” Chimera, ChimeraX, and PyMol were used for analysis, visualization and figure gen-
eration. LigPlot™*® was used to determine molecular contacts.

Molecular dynamics simulations

The TRPV5pp2,ecn COOrdinate model, oriented using the 6DMU model from the Positioning of Proteins in Membrane server(http://
opm.phar.umich.edu/server.php), was embedded in a 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (POPC) lipid bilayer with
phosphatidylinositol-4-5-bisphosphate, modeled with SAPI2, and ergosterol, built in the CHARMM-GUI*® membrane builder(http://
www.charmm-gui.org). The protein-membrane complex was solvated with water modeled by TIP3,°° and 100 mM CaCl,. The MD
simulation system consists of 569 POPC, 25 ERG, 22 PIP2, 93166 TIP3, 234 Ca?*, 340 CI-, and 4 ECN molecules contained
them in a 163 x 163 x 163 A% simulation box. The force field parameters for R-econazole (1-[(2R)-2-[(4-chlorobenzyl)oxy]-2-(2,4-di-
chlorophenyl)ethyl]-1H-imidazole) were generated using the CHARMM General Force Field (CGenFF) server(https://cgenff.
umaryland.edu).”'*? The four econazole molecules were placed at the determined position in the TRPV5ppo,ect Structure.

MD simulations were performed using the GPU-accelerated Gromacs 2020.2 package®® with the CHARMMBS6 force field.>* The
ensemble was minimized and equilibrated using the six steep descent algorithm of the CHARMM GUI. The temperature was main-
tained at 303 K and the pressure at 1 bar using a Nosé—Hoover thermostat and the Parrinello—Rahman barostat,®® respectively.
Bond distances were kept rigid by using the LINCS algorithm. The Particle Mesh Ewald (PME) algorithm was used to calculate
long-range electrostatic interactions every 2 fs with a cutoff of 12 A.%° The van der Waals interactions were switched at 10 A and cutoff
at 12 A. Data were collected from 5 rounds of 500 ns simulation each.

Free energies of binding were calculated every 10 ns for each simulation using the g_mmpbsa tool and the solvent accessible sur-
face area (SASA) model.>’

MD simulations were analyzed using Gromacs tools and VMD.

Whole-cell patch clamp

Human Embryonic Kidney 293 (HEK293) cells (ATCC, Cat.: CRL-1573) were transfected with 200 ng rbTRPV5-IRES-GFP (wild-type
or mutant) using the Effectene transfection reagent (Qiagen). Cells were plated on poly-L-lysine (Sigma, Cat.: P4707) coated 12 mm
glass coverslips 24 h after transfection, and patch clamp experiments were performed 48 h after transfection. Whole-cell patch-
clamp recordings were carried out using an Axopatch 200B amplifier (Molecular Devices), a Digidata 1440 unit (Molecular Devices),
and pClamp 11.1. Patch pipettes were prepared using a P-97 puller (Sutter Instruments) from borosilicate glass capillaries (Sutter
Instruments) with a resistance in the range of 2-5 MQ. After establishing a GQ seal, a brief negative pressure was applied to establish
a whole-cell configuration. A voltage ramp from —100 mV to +100 mV was applied every second during recording, and currents were
filtered at 2 kHz with a low-pass Bessel filter. Cells were maintained in a lithium-based extracellular solution (142 mM LiCl, 1 mM
MgCl,, 10 mM HEPES, and 10 mM glucose; pH adjusted to 7.4 with LiOH), and monovalent currents were elicited by application
a Mg?*-free solution (142 mM LiCl, 1 mM EGTA, 10 mM HEPES, and 10 mM glucose; pH adjusted to 7.4 with LiOH). The charge car-
rier for inward currents in this solution is Li*, as it minimizes background currents in the divalent free solution.”>?* Patch pipettes were
filled with an intracellular solution containing 140 mM K-Gluconate, 2 mM MgCl,, 2 mM Na,ATP, 5 mM EGTA, and 10 mM HEPES (pH
adjusted to 7.3 with KOH). Once TRPV5 currents stabilized, 10 pM econazole nitrate (Cayman Chemical Company, Cat.: 20223) was
perfused for 2 min. Currents were analyzed with Clampfit 11.1. All experiments were performed at room temperature (22°C-24°C).

Intracellular Ca®* measurements

HEK?2983 cells were co-transfected with wild-type roTRPV5, L475A, or F472A DNA with GCaMP6 using Effectene transfection reagent
(Qiagen). After 24 h, the transfected cells were plated in a poly-L-lysine coated black-wall clear bottom 96 well plate. Measurements
were performed 48 h after plating. Thirty minutes before the experiment, the serum containing MEM media on the cells was replaced
with a Ca®* free solution containing 137 mM NaCl, 5 mM KCI, 1 mM MgCl,, 10 mM HEPES, and 10 mM glucose, pH7.4. Intracellular
calcium levels were measured by GCaMP®6 signals at excitation wavelengths 485 nm and emission detected at 525 nm using the
Flexstation-3 plate reader (Molecular Devices). Various concentrations of econazole were applied prior to the application of 1 mM
Ca?* to induce Ca2* influx through TRPV5. Background Ca?* influx was also recorded in cells transfected with GCaMP only (Fig-
ure S4D) Econazole nitrate (Cayman, Cat.: 20223) was dissolved in DMSO as a 50 mM stock solution. The stock was further diluted
with experimental buffer. Due to solubility limitations, 30 pM was the highest concentration used. Three separate transfections were
performed for each group, and the signals from three replicates of each transfection were averaged and treated as one data point for
data plotting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cryo-EM data were processed using cryoSPARC v4.0.x."°*? Statistical significance was calculated using one-way analysis of vari-
ance and Tukey’s post hoc test using Origin 8.5.1 (Origin Lab). Mean dose-responses were determined using three replicates (n = 3)
from each transfection. TRPV5pp,.ecn, TRPVS5ecny RMSD with respect to TRPV5 g, were calculated using PyMol. rms and rmsf gro-
macs tools were used to determine RMSD and RMDF, respectively, from the 5 replicas of MD simulation. The distance between the
ECN and the binding site were determined using the mindist gromacs tool. Excel and ggplot2 package were used for plotting. Sta-
tistical details are described in the figure captions. All data plotted as mean + SEM.

Structure 32, 148-156.e1-e5, February 1, 2024 e5



http://opm.phar.umich.edu/server.php
http://opm.phar.umich.edu/server.php
http://www.charmm-gui.org
http://www.charmm-gui.org
https://cgenff.umaryland.edu
https://cgenff.umaryland.edu

	Structural mechanism of TRPV5 inhibition by econazole
	Introduction
	Results
	Structure of TRPV5 in complex with ECN
	The ECN-binding site
	Inhibition mechanism of TRPV5 by ECN
	F472, L475, and W495 constitute the ECN-binding site

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Method details
	TRPV5 protein preparation
	Cryo-EM sample preparation and data collection
	Data processing
	Model building
	Molecular dynamics simulations
	Whole-cell patch clamp
	Intracellular Ca2+ measurements

	Quantification and statistical analysis



