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ABSTRACT  18 
 Transient receptor potential vanilloid 5 (TRPV5) is a highly calcium selective ion channel 19 

that acts as the rate-limiting step of calcium reabsorption in the kidney. The lack of potent, 20 

specific modulators of TRPV5 has limited the ability to probe the contribution of TRPV5 in 21 

disease phenotypes such as hypercalcemia and nephrolithiasis. Here, we performed structure-22 

based virtual screening (SBVS) at a previously identified TRPV5 inhibitor binding site coupled 23 

with electrophysiology screening and identified three novel inhibitors of TRPV5, one of which 24 

exhibits high affinity, and specificity for TRPV5 over other TRP channels, including its close 25 

homologue TRPV6. Cryo-electron microscopy of TRPV5 in the presence of the specific inhibitor 26 

and its parent compound revealed novel binding sites for this channel. Structural and functional 27 

analysis have allowed us to suggest a mechanism of action for the selective inhibition of TRPV5 28 

and lay the groundwork for rational design of new classes of TRPV5 modulators. 29 

  30 
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INTRODUCTION 31 

TRPV5 is a calcium selective ion channel that is responsible for the fine tuning of 32 

calcium reabsorption in the kidney and has been shown to be a critical component of systemic 33 

calcium homeostasis(1-4). Due to its role in calcium handling, potent and specific chemical 34 

modulators of TRPV5 have the potential to aid in treatments of calcium homeostasis disorders 35 

such as nephrolithiasis and hypercalcemia(5). By uncovering specific modulators of TRPV5, it 36 

would be possible to identify the contribution of TRPV5 to these disease phenotypes and 37 

provide a foundation of targeted treatments. Additionally, chemical probes of TRPV5 could aid 38 

in identifying its roles in cell types where it is expressed in low abundance or in cell types that 39 

express both TRPV5 and its close homologue TRPV6. While there are some synthetic 40 

modulators of TRPV5 including econazole(6, 7), TH-1177(8, 9), and select cannabinoids(10), all 41 

have reported potencies in the mid-micromolar range and currently none have robust selectivity 42 

for TRPV5 over TRPV6 and the other TRPV subfamily channels(6, 8-10).  43 

Mechanisms of endogenous regulation of TRPV5 have been well documented using 44 

both structural and functional methods(1, 3, 7). In the cell, binding of PI(4,5)P2 is critical for 45 

channel opening while rapid desensitization occurs via binding of calmodulin (CaM) to the base 46 

of the pore(4, 7, 11, 12). Thus, activators that bind directly to TRPV5 could act by allosterically 47 

enhancing conductance during PI(4,5)P2 activation, mimicking PI(4,5)P2 activation or 48 

decreasing CaM induced desensitization. On the other hand, inhibitors that bind to TRPV5 are 49 

expected to act by directly blocking PI(4,5)P2 binding, allosterically limiting the conformational 50 

changes induced by PI(4,5)P2 binding, directly blocking ion flow by binding in the pore or by 51 

increasing the desensitization of TRPV5 by CaM. Due to the conserved nature of PI(4,5)P2 52 

modulation within the TRP channel family, allosteric modulators are more likely to be both 53 

potent and specific for TRPV5(13-15).   54 

With the availability of large compound libraries in ready-to-dock format and recent 55 

advancements in docking algorithms, structure-based virtual screening (SBVS) technology is 56 

contributing more significantly to drug discovery efforts, especially when high-resolution protein 57 

structures are available(16, 17). Here, we screened the previously identified econazole-binding 58 

pocket of TRPV5(18), which was reported in the same location as the vanilloid binding pocket in 59 

TRPV1(18, 19). This allosteric binding site has been reported to bind modulators such as small 60 

molecules and lipids in several TRPV subfamily channels(7, 18, 19). Through this screen we 61 

identified three novel synthetic inhibitors that to our best knowledge have not been previously 62 

characterized as modulators for any protein. 63 

 64 
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RESULTS 65 

In silico compound screening  66 

 Currently, several structures of TRPV5 are available with a variety of modulators 67 

bound(7, 18). The econazole-bound TRPV5 structure revealed that the small-molecule inhibitor 68 

of TRPV5, econazole, bound in the “vanilloid” pocket of TRPV5, which is a well-documented site 69 

of modulator binding in other TRPV channels(18, 19). This pocket, which was resolved to a 70 

higher resolution (~3.0 Å local resolution) in the lipid-bound TRPV5(7), was used for SBVS. 71 

Specifically, this binding pocket is located at the interface of two adjacent monomers and is 72 

composed of the S3, S4 and S4-S5 linker of one monomer and the S5 and S6 helices of the 73 

second monomer (Figure 1-figure supplement 1). The resolution of this pocket in the lipid-bound 74 

TRPV5 structure allowed for unambiguous backbone placement and confident side chain 75 

placement. Using the Schrodinger suite 2018-1, ~12 million compounds from the ZINC15 76 

“Drugs Now” library, were docked into this pocket. The top 100 compounds as ranked by their 77 

docking score were grouped into 65 clusters of unique chemical scaffolds based on their 78 

chemical similarity assessed by Tanimoto similarity scores of ECFP4 binary fingerprints (Figure 79 

1-figure supplement 2). Econazole was not part of the “in stock” library and was therefore 80 

excluded from the original screen. A follow up screen in the same pocket that included 81 

econazole revealed a less favorable docking score (-5.9) compared to the top 100 hits (<-9.0).  82 

Additionally, none of these top 100 compounds exhibited significant similarity (defined by a 83 

Tanimoto similarity score larger than 0.4) with econazole or other known TRPV5 inhibitors. Of 84 

the 65 unique chemical scaffolds identified as cluster representatives (centroid of clusters), 43 85 

compounds were purchased based on availability and price (Figure 1-figure supplement 3). 86 

 87 

Functional validation of compound hits 88 

These 43 compounds were screened in HEK293 cells expressing rabbit TRPV5 using 89 

whole cell patch clamp experiments to measure modulation of monovalent currents through 90 

TRPV5, as describe earlier(18). While TRPV5 is a Ca2+ selective ion channel, it conducts 91 

monovalent currents in the absence of Ca2+ and Mg2+. Ca2+ currents are not only smaller than 92 

monovalent currents, but they also undergo Ca2+-induced inactivation, therefore monovalent 93 

currents are routinely used for assessing channel function(20, 21). Each compound was tested 94 

at 10 μM or 3 μM and 41 of them showed no clear inhibition or potentiation of TRPV5 currents 95 

(Figure 1-figure supplement 3-4). Some compounds may have shown no effect due to an 96 

inability to cross the membrane rather than a lack of activity on TRPV5.  97 
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 Two of the 43 screened compounds measurably inhibited TRPV5-mediated currents in 98 

our system. One of the hit compounds, ZINC9155420 showed robust (~80%) inhibition of rabbit 99 

TRPV5 at 10 µM, and did not appear to have any selectivity for TRPV5 over the closely related 100 

TRPV6 channel (Figure 1A-C). In HEK293 cells, the IC50 of ZINC9155420 for rbTRPV5 101 

inhibition was 2.91 ± 0.56 µM, which is of comparable potency to econazole(6, 18). This 102 

compound also inhibited the hTRPV6 channel with a comparable IC50 in the same system (4.05 103 

± 1.04 μM, Figure 1C).  104 

Five chemical analogs of ZINC9155420 were purchased based on vendor availability 105 

and price. These compounds were tested in the HEK293 cell expression system and four of 106 

these derivatives showed no effect on TRPV5 activity (Figure 1-figure supplement 5). The fifth 107 

derivative, ZINC17988990, was found to be a potent inhibitor of TRPV5 mediated currents. This 108 

compound exhibited robust inhibition of rbTRPV5 with an IC50 of 106 ± 27 nM while also 109 

showing marked selectivity for TRPV5 over TRPV6 (Figure 1D-F). Human TRPV6 was not 110 

inhibited by ZINC17988990 at concentrations up to 10 µM in the same system (Figure 1E-F). 111 

Additionally, ZINC17988990 had no activity on other TRP channels tested (TRPV1, TRPV3, 112 

TRPV4 and TRPM8) at low concentrations (1-3 µM), but did exhibit moderate inhibition on 113 

TRPV3 and TRPM8 at concentrations above 10 µM (Figure 2). Further characterization of 114 

ZINC17988990 revealed that it has comparable inhibition of the human isoform of TRPV5 115 

(IC50=177 ± 47 nM, Figure 2-figure supplement 1).  116 

To confirm that Ca2+ currents are inhibited similarly to monovalent currents, we 117 

performed fluorescence measurements in HEK293 cells transfected with the Ca2+ sensor 118 

GCaMP6 and various TRP channels. We found 10 μM ZINC17988990 fully inhibited Ca2+ 119 

signals elicited by application of external Ca2+ in cells transfected with TRPV5, but it had no 120 

effect in cells expressing TRPV6 (Figure 2-figure supplement 2A-B and H), consistent with our 121 

monovalent current data. Ca2+ signals elicited by agonists of TRPV1, TRPM8, TRPM3 and 122 

TRPV4 were not inhibited by 10 μM ZINC17988990 in cells transfected with the respective 123 

channel (Figure 2-figure supplement 2D-H). We also tested the effect of ZINC17988990 on 124 

rbTRPV5 expressed in Xenopus oocytes (Figure 2-figure supplement 3). Similar to our previous 125 

results with econazole(18), the concentrations required to achieve inhibition were higher in 126 

oocytes (IC50 = 4.37 ± 0.69 μM) compared to HEK293 cells. As seen with our results in HEK 127 

cells, ZINC17988990 did not induce any inhibition of hTRPV6 in Xenopus oocytes up to 30 μM 128 

(Figure 2-figure supplement 3).   129 

The other hit compound from the original screen, ZINC05626366, showed 73% inhibition 130 

of TRPV5 at 10 μM, but only 36% inhibition at 3 μM (Figure 2-figure supplement 4). Since this 131 
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compound exhibited much lower potency than ZINC17988990, we have not characterized it 132 

further.   133 

 134 

Structural and functional characterization of novel TRPV5 inhibitors 135 

In order to verify that the newly identified TRPV5 inhibitors, ZINC9155420 and 136 

ZINC17988990, bind to TRPV5, we utilized cryo-electron microscopy (cryo-EM) to solve the 137 

structure of rabbit TRPV5 in the presence of each compound. We were able to resolve 138 

nanodisc-reconstituted TRPV5 in the presence of 10 µM ZINC9155420 or ZINC17988990 to 139 

4.3Å and 3.8Å, respectively (Figure 3, Figure 3-figure supplement 1-4, Table 1). These 140 

structures are consistent with the architecture of the previously reported structures of TRPV5(7, 141 

18, 22). The transmembrane domain (TMD) consists of transmembrane helices 1-4 (S1-S4) 142 

bundled in a voltage sensing-like domain with helices 5 and 6 (S5 and S6) domain swapped to 143 

create the pore of the channel. The intracellular portion of the protein is primarily composed of 144 

tightly packed ankyrin repeat domains (ARDs). Higher local resolution in the TMD of both 145 

structures allowed for the confident placement of side chains in this region when building the 146 

model (Figure 3-figure supplement 1-4). The lower resolution ARDs of both structures allowed 147 

for confident carbon backbone placement (Figure 3-figure supplement 1-4). At these 148 

resolutions, we were able to clearly identify that the ion conduction pathway for both inhibitor-149 

bound structures are in non-conducting conformations (Figure 3-figure supplement 5). We were 150 

also able to identify at these resolutions non-protein densities in the TMD of both structures that 151 

we attributed to bound inhibitors (Figure 3). Due to the higher resolution of the ZINC17988990-152 

bound TRPV5 structure coupled with the potent functional effect of this compound we have 153 

focused the majority of this investigation on the structural and functional effects of 154 

ZINC17988990 on TRPV5. 155 

 The ZINC17988990-bound TRPV5 structure revealed two densities that could be 156 

attributed to bound compounds (Figure 3C-D). One density identified in the ZINC17988990-157 

bound TRPV5 structure is located between the intracellular S1-S4 bundle and the TRP helix 158 

and it is present in the sharpened map as well as both of the half-maps (Figure 4A, Figure 4-159 

figure supplement 1). This S1-S4 bundle was resolved in this structure to a local resolution of 160 

3.0-3.5Å which allowed for confident backbone and side chain placement (Figure 3-figure 161 

supplement 3). Though the upper region of the S1-S4 pocket has been consistently occupied by 162 

lipids in the previous TRPV5 channel structures(7, 18, 22), a density lower in the pocket has 163 

been identified for the first time in the ZINC17988990-bound structure (Figure 4A, Figure 4-164 

figure supplement 2). In cryo-EM structures of other TRP channels, such as TRPM8 and 165 
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TRPV6, densities attributed to small-molecule modulators were also identified in this S1-S4 166 

pocket (Figure 4-figure supplement 2)(23, 24). In the case of TRPV6, this was proposed in spite 167 

of lipid binding reported in the same area in previous structures(24, 25). This precedent, along 168 

with the absence of the lower density in previously published TRPV5 cryo-EM structures(7, 18, 169 

22), has led us to attribute this density to bound ZINC17988990. The best fit for ZINC17988990 170 

in this density is shown throughout the figures.   171 

The residues that constitute this binding site in the S1-S4 bundle of the ZINC17988990-172 

bound TRPV5 structure include E403, D406, Y415, Y467 and F468 (Figure 4B). Of these 173 

residues that contact the compound density in the EM map, only Y415 is not conserved 174 

between TRPV5 and TRPV6 (Figure 4-figure supplement 3A). In TRPV6, the residue at this 175 

position is a phenylalanine. In order to support ligand binding at this site, we tested the inhibition 176 

of ZINC17988990 on F468A, D406A and Y415F mutations of TRPV5 (Figure 4C). The F468A 177 

mutation created a non-functional channel, implying this residue is important for proper protein 178 

folding, trafficking to the membrane and/or activation by PI(4,5)P2. The D406A mutation 179 

eliminated inhibition of the channel at low concentrations while maintaining the inhibitory effect 180 

at higher concentrations, resulting in an IC50 of 3.68 ± 1.03 μM. The Y415F mutation also 181 

resulted in a reduced potency of ZINC17988990, resulting in an IC50 of 0.644 ± 0.106 μM. The 182 

substantially reduced inhibitory effects of these S1-S4 bundle mutant channels indicate that this 183 

compound exerts its inhibitory effect primarily by binding in this pocket. The D406A mutant did 184 

not reduce inhibition of TRPV5 by ZINC9155420, which appears to bind in a different area of the 185 

TMD (Figure 3A-B; also see following section), indeed this mutant required slightly lower 186 

concentrations of the drug than wild type (Figure 4D). This indicates that the D406A mutant did 187 

not reduce inhibition by ZINC17988990 non-specifically by increasing open state stability of the 188 

channel, but rather by specifically interfering drug binding.  189 

The second density located near the SBVS pocket appeared to be bound at the interface 190 

of the S4-S5 linker of one monomer and the S6 helix of an adjacent monomer (Figure 4-figure 191 

supplement 4). This region of TRPV5 has a local resolution of 3.0-3.5Å which allowed for 192 

unambiguous side chain and backbone placement (Figure 3-figure supplement 3-4). It should 193 

be noted that this density, though present in the sharpened cryo-EM density map, was not 194 

consistently visible in the half-maps and therefore could be attributed to either low occupancy 195 

inhibitor binding or noise (Figure 4-figure supplement 5). To illustrate how the inhibitor could fit 196 

in the density, one proposed conformation of ZINC17988990 is shown throughout the figures. 197 

To further investigate the contribution of this pocket to channel inhibition we tested the effect of 198 

ZINC17988990 on M491A mutated TRPV5 (Figure 4-figure supplement 4). We observed only a 199 



 8 

small decrease in the inhibitory potency of ZINC17988990 on this mutant (IC50=0.258 ± 0.093 200 

M; Figure 4-figure supplement 4). Furthermore, inhibition of the M491A-D406A double mutant 201 

by ZINC17988990 was indistinguishable from the D406A S1-S4 bundle mutant (Figure 4-figure 202 

supplement 4). These data show that the S4-S5 linker is unlikely to play a major role in 203 

ZINC17988990-mediated inhibition. 204 

 205 

Insights into the mechanism of specific TRPV5 inhibition  206 

This ZINC17988990-inhibited TRPV5 structure, in combination with the other previously 207 

solved TRPV5 structures, provides insight as to how binding in the S1-S4 bundle could lead to 208 

channel inhibition. The binding site of the PI(4,5)P2 head group, a well characterized 209 

endogenous activator of TRPV5, does not overlap with this identified inhibitor binding site, which 210 

implies that the mechanism of inhibition for this novel specific compound is not to directly 211 

compete for binding with PI(4,5)P2. Rather, it is possible that conformational changes due to 212 

inhibitor binding could lock the channel in a state that would not allow for PI(4,5)P2-mediated 213 

activation.  214 

Large movements of the TRPV5 channel have been shown to occur during PI(4,5)P2 215 

induced channel opening(7). Specifically, the rearrangement of the lower S6 helix caused by the 216 

phosphate head group binding to R584 causes global shifts in the protein from the lipid-bound 217 

apo state (PDB: 6DMR) to the opened PI(4,5)P2-bound state (PDB: 6DMU). While the 218 

ZINC17988990-bound TRPV5 structure is similar to the lipid-bound apo structure, there are 219 

several key differences when comparing this inhibited state to the lipid-bound apo state.  220 

In particular, when aligned based on the pore dimer (all atom alignment of M497-R584 of 221 

opposite chains using PyMOL) the S1-S4 bundle of the ZINC17988990-bound structure 222 

appears to have undergone a shift from the lipid-bound apo structure to accommodate the 223 

binding of ZINC17988990. Specifically, the S2 and S3 helices of the ZINC17988990-bound 224 

TRPV5 have moved toward the ZINC17988990 density, which creates a tighter space with in 225 

the intracellular section of the S1-S4 bundle compared to the lipid-bound apo TRPV5 structure 226 

(Figure 5A). Residues E403, D406 and Y415 appear to move 1-2.5 Å (as measured at the Cα) 227 

to accommodate compound binding, while F468 and Y467 do not appear to undergo significant 228 

conformational rearrangement (<1Å movement at the Cα; Figure 5B).  229 

Conformational changes undergone in the S1-S4 bundle upon PI(4,5)P2 binding include 230 

movement away from the pore axis of all four helices, with the largest movements in the lower 231 

halves of the S1 and S2 helices (aligned as described above, Figure 5C-D). Additionally, a 232 

counterclockwise rotation of the bundle and a pivot of the TRP helix occur accommodate the 233 
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helix transition at the base of the ion conduction pore (Figure 5C-D). Based on the positioning of 234 

the ZINC17988990 density, these shifts and rotations would be limited by the interactions of 235 

ZINC17988990 with D406 and Y415 (Figure 5D). These stabilizing interactions could act to lock 236 

this inhibited conformation of the channel in place and not allow for the shifts in the S1-S4 237 

bundle that are necessary for PI(4,5)P2 binding and subsequent activation. Consistent with this 238 

idea, we found that the D406A mutation slightly, but significantly reduced the inhibition of 239 

TRPV5 evoked by decreasing PI(4,5)P2 using the voltage dependent lipid phosphatase drVSP 240 

(Figure 5-figure supplement 1A,B). 241 

To shed light on the mechanism of selectivity of ZINC17988990 we compared this S1-S4 242 

bundle binding site between TRP family channels (Figure 4-figure supplement 3A). Specifically, 243 

a comparison of this region in TRPV5 and TRPV6 shows very high sequence homology and 244 

therefore the selectivity of ZINC17988990 is not likely due to a difference in sequence in this 245 

region (Figure 4-figure supplement 3A). Rather, it appears that the structural difference between 246 

TRPV5 and TRPV6 in this region may play a role. The 16 amino acid linker between the S2 and 247 

S3 helices of TRPV5 has consistently been resolved as a stable short helix while in the many 248 

cryo-EM and X-ray crystallography structures of TRPV6, this linker has not been resolved(24-249 

26) (Figure 5-figure supplement 2). This implies that this region is extremely flexible in TRPV6 250 

while it is consistently more stable in TRPV5(7, 18, 22) (Figure 5-figure supplement 2). Both 251 

Y415 and D406, which make contacts with the drug density in the ZINC17988990-bound 252 

TRPV5 structure, are unresolved in all reported TRPV6 structures. The lack of stability in this 253 

region in TRPV6 may not allow for those residues to establish interactions with ZINC17988990, 254 

preventing effective inhibition. This structural difference could be due to small differences in 255 

sequence in the regions that stabilize the S2-S3 linker in TRPV5, such as the TRP domain and 256 

the N-linker.  257 

 258 

Nonspecific Inhibition of TRPV5  259 

 While severely limited by resolution, the ZINC9155420-bound TRPV5 structure was still 260 

able to give us some insights on the interactions between this novel nonspecific inhibitor and the 261 

TRPV5 channel. In the ZINC9155420-bound TRPV5 structure, the density attributed to bound 262 

inhibitor is located at the interface between the S4-S5 linker of one monomer and the S6 helix of 263 

an adjacent monomer (Figure 6A-C). The local resolution of this region is ~3.5Å which has 264 

allowed for confident side chain and backbone placement (Figure 3-figure supplement 1-2). This 265 

inhibitor density is found in both half maps and the sharpened density map of the ZINC9155420-266 

bound structure and has not been seen in other TRPV5 cryo-EM structures to date(7, 18, 22) 267 
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(Figure 4-figure supplement 5). Two additional densities appear to bracket the compound and, 268 

given their characteristic elongated shapes and their presence in previously reported TRPV5 269 

cryo-EM structures(7, 22), they have been assigned to lipid molecules which may be involved in 270 

compound binding (Figure 6A). ZINC9155420 was purchased as a racemic mixture and 271 

therefore the functional and structural screens were not able to determine which of the 272 

stereoisomers exhibited the inhibitory effect. Additionally, at this resolution the inhibitor density 273 

could accommodate multiple orientations of the compound, and limitations in docking scoring 274 

functions do not allow us to chose one over another. One potential fit of the S-enantiomer of 275 

ZINC9155420 is shown throughout the figures.  276 

It should be noted that the low particle number (<5% of the initial particles) in the final 277 

ZINC9155420-bound TRPV5 structure was not due to problems of occupancy, as a density that 278 

we attributed to bound ZINC9155420 was present in the preliminary 3D refinement. Rather, the 279 

particles selected were the highest resolution particles in the dataset. It is possible that in the 280 

presence of ZINC9155420, TRPV5 adopts multiple transition states which could have resulted 281 

in the small number of particles in the final structure, though none of the classes discarded 282 

during processing were of high enough resolution to clearly identify alternative states. 283 

In order to functionally support compound binding at the S4-S5 pocket, we tested the 284 

inhibition of ZINC9155420 on the M491A mutant of rbTRPV5 (Figure 6C). This mutation 285 

resulted in a right shift of the inhibition curve (IC50=9.08 ± 1.45 M) which suggests that M491 286 

on the S4-S5 linker is involved in ZINC9155420 binding and inhibition. The lack of selectivity of 287 

ZINC9155420 may be due to the extremely high level of sequence homology of this region 288 

between TRP family channels (Figure 4-figure supplement 3B). This S4-S5 linker has been 289 

shown to be critical for gating of several TRP channels and may be evolutionarily conserved 290 

due to its essential role in channel function(27).   291 

Unlike the ZINC17988990-bound TRPV5 structure, the S1-S4 bundle appears to be 292 

occupied by a lipid as seen in other TRPV channel structures (Figure 4-figure supplement 2). As 293 

mentioned earlier, we tested the effect of ZINC9155420 on the D406A mutant of TRPV5 in the 294 

S1-S4 bundle binding site; this mutation caused a small left shift of the inhibition curve for 295 

ZINC9155420 (IC50=1.52  0.38 M, Figure 4D). This implies that this S1-S4 binding site is less 296 

likely to be involved in ZINC9155420 inhibition of TRPV5.  297 

 Neither inhibitor characterized in this investigation appeared to bind at the econazole 298 

binding pocket, originally used as the site for the SBVS study. Though this S4-S5 binding site is 299 

near the econazole pocket there are no residues that overlap with the cryo-EM attributed 300 

binding sites (within 4.5 Å of docked poses at the econazole binding site, Figure 6-figure 301 
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supplement 1). Rather, in both inhibitor-bound structures, this econazole pocket appears to be 302 

occupied by a tightly bound lipid molecule. This density in the inhibitor-bound TRPV5 structures 303 

appears to closely resemble in size and shape the lipid density in the lipid-bound TRPV5 304 

structure rather than the econazole density seen in the econazole-bound TRPV5 structure. The 305 

competition between a lipid and econazole for the site we utilized for SBVS was unexpected. 306 

Notably, a post hoc SBVS screen using (a) the ZINC9155420-bound TRPV5 cryo-EM atomic 307 

model with a lipid molecule in the econazole pocket and the other identified lipid in the vicinity, 308 

(b) the same ZINC15 compound library we used in the original screen, and (c) a screening grid 309 

centered on ZINC9155420, identified ZINC9155420 and ZINC17988990, as well as other 310 

derivatives of these two molecules, among the top-scored compounds. Therefore, while SBVS 311 

protocols utilize predefined binding sites, and we did not foresee lipid occupancy of the initially 312 

used econazole site, the retrospective identification of the same novel TRPV5 inhibitors 313 

characterized here if one used the correct binding pocket gives confidence in the approach 314 

used.  315 

 316 
 317 

DISCUSSION 318 

 Here we have reported three novel TRPV5 inhibitors. One of these compounds, 319 

ZINC17988990 is specific for TRPV5 over its close homologue TRPV6 as well as other TRP 320 

family channels. ZINC17988990 inhibits TRPV5 with higher affinity and higher specificity than 321 

previously described compounds, and therefore will be a highly valuable tool in future 322 

experiments to study TRPV5.  323 

Structural and functional characterization of two of these compounds identified two novel 324 

inhibitor binding sites for the TRPV5 channel. One binding site was identified at the interface 325 

between lipids, the S4-S5 linker of one monomer and the S6 helix of an adjacent monomer and 326 

appears to play a role in ZINC9155420-mediated inhibition. The other site identified in the 327 

ZINC17988990-bound TRPV5 structure occupies the intracellular half of the S1-S4 bundle. This 328 

binding site partially overlaps with modulators seen in the recent TRPM8 structures as well as 329 

the 2-APB binding site reported for TRPV6 (Figure 4-figure supplement 2)(23, 24). 2-APB is a 330 

small-molecule inhibitor of TRPV6 which acts as an activator for other TRPV subfamily channels 331 

while having no effect on TRPV5 function(24, 28, 29). The specificity of both 2-APB and 332 

ZINC17988990 in spite of the high sequence homology in this pocket between TRPV5 and 333 

TRPV6 may be explained by the structural divergence of these channels in this region.  334 
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 An analysis of other TRPV5 cryo-EM structures has provided insight into a potential 335 

mechanism of action of the specific inhibitor by locking TRPV5 in closed states that may not 336 

allow for the conformational changes necessary for PI(4,5)P2 binding and subsequent activation. 337 

Specifically, the binding of key residues such as D406 and Y415 in the S1-S4 pocket, that have 338 

not been seen to interact with any non-protein density in previous structures, could limit 339 

movement in this region and confer inhibition. 340 

 The success of this multidisciplinary approach has allowed for the discovery and 341 

characterization of two novel inhibitors of TRPV5 that have the potential to be optimized for 342 

higher potency and selectivity. Moreover, the identification of a binding site that allows for 343 

specificity of TRPV5 over TRPV6 in spite of the high sequence homology now allows for a more 344 

controlled structure-based drug discovery effort at this pocket that has the potential to reveal 345 

additional specific small molecule modulators of TRPV5. Overall, this study has laid the 346 

groundwork for the development of more potent and specific inhibitors of TRPV5.  347 

 348 
METHODS 349 

Structure-based virtual screening 350 

 The 3.9 Å resolution cryo-electron microscopy structure of the lipid-bound TRPV5 351 

tetramer (PDB ID: 6DMR) was used for a first SBVS study. The default protocol of the Protein 352 

Prep Wizard in the Schrodinger suite 2018-1(30) was followed to prepare the protein for 353 

docking. Specifically, missing hydrogen atoms were added, side chain protonation states were 354 

assigned, and energy minimization was carried out using the OPLS3 force-field(31). Since the 355 

four monomers of TRPV5 are identical in the starting TRPV5 tetramer structure, monomer A 356 

was chosen as a representative structure to build a docking grid using the Schrodinger’s 357 

Receptor Grid generation tool, with the grid centered at the lipid molecule’s center in the binding 358 

pocket of the protein monomer. The box dimensions for the inner and outer grid boxes were 10 359 

Å x 10 Å x 10 Å, and 30 Å x 30 Å x 30 Å, respectively. 360 

The ZINC15 (http://zinc15.docking.org/) “Drugs Now” subset consisting of 11,768,355 361 

compounds as of March 27, 2018 was downloaded and prepared for docking using the default 362 

procedure in the Schrodinger’s Ligprep utility. Following ligand preparation and protein grid 363 

generation, Glide was used to dock molecules of the “Drugs Now” subset in two steps. First, 364 

Glide standard precision (SP) was used to preliminarily screen the ligand library(32, 33). The 365 

top-ranked molecules based on Glide SP reached a docking score plateau at -7.0. Secondly, 366 

the resulting 197,820 molecules were subjected to a Glide’s extra precision (XP) refinement(34). 367 

The top-ranked 100 molecules resulting from this refinement were then grouped into 65 clusters 368 
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based on their chemical similarity calculated using Tanimoto similarity scores of ECFP4 binary 369 

fingerprints in the Schrodinger’s Canvas program(35, 36). Notably, none of them exhibited 370 

significant similarity (defined as Tanimoto similarity score larger than 0.4) with known inhibitors 371 

of TRPV5(8, 37).  372 

A second SBVS was carried out using the ZINC9155420-bound TRPV5 cryo-EM 373 

structure. The structure was prepared for docking following the same procedure as described 374 

above, and the grid was centered at the ligand’s (ZINC9155420) center in the binding pocket of 375 

monomer A inferred by the cryo-EM density map. Both lipid molecules assumed to occupy the 376 

additional densities identified near the compound were kept in this SBVS study. Docking was 377 

carried out following the same protocol described above and using the same compound library. 378 

Glide SP docking score plateaued at around -5.5, and the resulting 860,000 molecules were 379 

selected for Glide XP docking refinement. Notably, the ZINC9155420 and ZINC17988990 380 

compounds, as well as other analogs in the library (as defined by Tanimoto index >0.4), were 381 

identified among the Glide XP top-scoring ligands. 382 

 383 

Electrophysiology 384 

Human Embryonic Kidney 293 (HEK293) cells were purchased from American Type 385 

Culture Collection (ATCC), Manassas, VA, (catalogue number CRL-1573), RRID:CVCL_0045; 386 

cell identity was verified by STR analysis. Passage number of the cells was monitored, and cells 387 

were used up to passage number 25–30, when a new batch with low passage number was 388 

thawed; cells were tested for the lack of mycoplasma infection. Cells were cultured in MEM 389 

supplemented with 10% FBS in 5% CO2 at 37 °C, and they were transfected using the Effectene 390 

reagent (Qiagen). Measurements were performed 48–72 h after transfection as described 391 

earlier(18). Briefly, currents were measured with an Axopatch 200B amplifier using a ramp 392 

protocol from –100 mV to 100 mV applied every second. The extracellular solution contained 393 

142 mM LiCl, 1 mM MgCl2, 10 mM HEPES, and 10 mM glucose, pH 7.4. Monovalent currents 394 

were initiated by the same solution containing 1 mM EGTA but no MgCl2. The intracellular 395 

pipette solution contained 140 mM K-gluconate, 10 mM HEPES, 5 mM EGTA, 2 mM MgCl, and 396 

2 mM ATP, pH 7.3. For both HEK cells and oocytes, we used a LiCl-based extracellular 397 

solution, because in this solution, removal of extracellular Mg2+ and Ca2+ minimizes the 398 

development of endogenous currents in nontransfected cells, compared to Na+ or K+ based 399 

solutions. For experiments with the danio rerio voltage sensitive phosphatase (drVSP) the 400 

membrane potential was clamped at -100 mV, and during the application of the Ca2+ and Mg2+ 401 

free solution four consecutive depolarizing pulses to +100 mV were applied for 0.1s, 0.3s, 1s 402 
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and 3s. Currents were filtered at 5 kHz, and digitized through a Digidata 1440A interface. Data 403 

were collected and analyzed with the pClamp 10.6 acquisition software (RRID:SCR_011323; 404 

Molecular Devices, Sunnyvale, CA) and further analyzed and plotted with the Origin 8.0 405 

software (Microcal Software Inc., Northampton, MA, USA; RRID:SCR_002815).   406 

Two electrode voltage clamp (TEVC) experiments in Xenopus oocytes were performed 407 

as described earlier(18). Briefly, oocytes were digested using 0.2 mg/ml collagenase (Sigma) in 408 

a solution containing 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, and 5 mM HEPES, pH 7.4 (OR2) 409 

overnight for ~16 h at 18 °C. Defolliculated oocytes were kept at 18 °C in OR2 solution 410 

supplemented with 1% penicillin/streptomycin (Mediatech) and 1.8 mM CaCl2. cRNA was 411 

microinjected into each oocyte using a nanoliter injector system (World Precision Instruments). 412 

The experiments were performed 48–72 h after injection. TEVC measurements were performed 413 

in a solution containing 97 mM NaCl, 2 mM KCl, 1 μM MgCl2, and 5 mM HEPES, pH 7.4, 414 

monovalent currents were initiated by a solution containing 96 mM LiCl, 1 mM EGTA, and 5 mM 415 

HEPES, pH 7.4. Currents were measured with a ramp protocol from -100 to 100 mV applied 416 

every 500 ms, preceded by a step to -100 mV for 50 ms. 417 

All tested compounds were dissolved in DMSO as 10 mM stock solutions. The stock was 418 

further diluted in the experimental buffer. Three compounds did not dissolve at this 419 

concentration in DMSO see Figure 1-figure supplement 3, those compounds were not tested on 420 

TRPV5 inhibition. ZINC9155420 was unstable as a frozen DMSO stock, it lost activity after a 421 

couple of days, therefore we made a fresh DMSO stock before each experiment. 422 

 423 
Intracellular Ca2+ measurements 424 

HEK293 cells were transfected with rTRPV1, rTRPV4, rbTRPV5, hTRPV6, mTRPM32, 425 

rTRPM8 or pcDNA3.0 and with GCaMP6 (gift from Dr. Lawrence Larry Gaspers, NJMS) in a 426 

ratio 0.5:0.1 µg using the Effectene reagent (Qiagen). After 24 hours transfected cells were 427 

plated in poly-D-lysine coated black-wall clear-bottom 96-well plates and measurements were 428 

performed 48 h after plating. Thirty minutes before experiments the MEM media on the cells 429 

transfected with TRPV1, TRPV4, TRPM3 and TRPM8 was replaced with solution containing (in 430 

mM) 137 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES and 10 glucose, pH 7.4.  and for the cells 431 

transfected with TRPV5 and TRPV6 MEM was replaced with a nominally divalent free (NDF) 432 

solution containing (in mM) 137 NaCl, 5 KCl, 10 HEPES and 10 glucose, pH 7.4 and the plate 433 

was kept at 25ºC. GCaMP6 signals were measured at excitation wavelengths 485 nm and 434 

fluorescence emission was collected at 525 nm using a 96‐well plate reader Flexstation 3 with 435 

rapid well injection (Molecular Devices). Sampling interval was 0.86 seconds and four parallel 436 
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reads were performed for each condition; the four reads were averaged, and they were treated 437 

as one data point for statistical analysis.   438 

 439 
 440 
Protein preparation  441 

 TRPV5 was expressed, purified and reconstituted into lipid nanodiscs as previously 442 

reported(7). In brief, rabbit TRPV5 was expressed in S. cerevisiae with a C-terminal 1D4 443 

epitope tag. Yeast cells were lysed using a microfluidizer and the membranes were isolated via 444 

centrifugation at 3,000 g, 14,000 g and 100,000 g. The membranes were solubilized in buffer 445 

containing 20mM HEPES, pH 8.0, 150mM NaCl, 10% glycerol, 2mM TCEP, 1mM PMSF and 446 

0.87mM LMNG. Insoluble material was removed via ultracentrifugation. The solubilized TRPV5 447 

was incubated with 1D4 conjugated CnBr-activated Sepharose 4B beads and washed with 448 

buffer containing 20mM HEPES, pH 8.0, 150mM NaCl, 2mM TCEP, and 0.064mM DMNG. 449 

Bound TRPV5 was eluted from the 1D4 beads with 20mM HEPES, pH 8.0, 150mM NaCl, 2mM 450 

TCEP, 0.064mM DMNG and 3mg/mL 1D4 peptide. TRPV5 was then reconstituted into 451 

nanodiscs by combining TRPV5, MSP2N2 and soy polar lipids in a molar ratio of 1:1:200. 452 

Purified MSP2N2 was prepared using previously published methods. To prepare the lipids, soy 453 

polar lipid extract (Avanti Polar Lipids, Inc.) were dried under nitrogen flow for 3 hours and 454 

resuspended in buffer containing 20mM HEPES, pH 8.0, 150mM NaCl, 2mM TCEP and DMNG 455 

detergent at a molar ratio of 1:2.5 (lipids:DMNG). The TRPV5, MSP2N2 and lipids were 456 

incubated for 30mins then Bio-Beads (Bio-Rad, Bio-Beads SM-2 Absorbent Media) were added 457 

to the mixture for 1 hour. Fresh Bio-Beads were added and the mixture was allowed to incubate 458 

overnight with rotation. The reconstituted nanodiscs were then passed over Superose 6 (GE 459 

Healthcare) size-exclusion column equilibrated with 20mM HEPES, pH 8.0, 150mM NaCl, and 460 

2mM TCEP. The nanodisc reconstituted TRPV5 was concentrated to 2.2 mg/mL and incubated 461 

with 10µM ZINC9155420 or 10 µM of ZINC17988990 prior to vitrification.  462 

 463 

Cryo-EM data acquisition  464 

 Both TRPV5 nanodisc samples were incubated with 3mM F-Fos Choline 8 immediately 465 

before vitrification. Samples were double blotted on 1.2/1.3 Quantifoil Holey Carbon grids 466 

(Quantifoil Micro Tools) with 3.5µL of sample per blot. The samples were then vitrified in liquid 467 

ethane using a Vitrobot (Thermo Scientific). Both samples were imaged on a Titan Krios 300 kV 468 

electron microscope equipped with a Gatan K2 Summit direct electron detector. 40 frame 469 

movies were collected with a nominal dose of 40 e-/Å2, a dose rate of ~5 e-/s/phys. pixel and a 470 

super resolution pixel size of 0.532Å. The ZINC9155420-bound TRPV5 data set was collected 471 
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in a defocus range of 1.0-2.5 µm under focus. The 10 µM of ZINC17988990-bound TRPV5 data 472 

set was collected between 0.8-1.8 µm under focus.  473 

 474 

Data processing  475 

ZINC9155420-bound TRPV5 structure determination 476 

 Motioncor2 was used to align each of the 2,278 movies and adjust for beam induced 477 

motion(38). CTF estimation was performed using GCTF on the summed movies(39). 478 

Subsequent data processing was performed on the dose weighted micrographs in RELION(40-479 

42) unless otherwise specified. 1,838 particles were manually picked and sorted into 2D 480 

templates which were used to autopick 510,500 particles from all 2,278 micrographs. Particles 481 

were ranked based on Z-score and 474,433 particles with a value of <0.8 were taken for 482 

subsequent rounds of 2D classification to remove false positives and suboptimal particles. The 483 

highest quality 108,354 particles based on the class image were refined to 5.5 Å using RELION 484 

3D autorefine option without masking. The initial model was the electron density map of lipid-485 

bound TRPV5 (EMB-7965) filtered to 60Å. A mask was made of this 5.5Å map by filtering it to 486 

15Å at a threshold of 0.005, extending edge by 5 pixels and added a soft edge of 5 pixels. 487 

Additional rounds of 2D classification were performed on the original 474,433 particles and the 488 

best 97,702 particles were selected for 3D refinement using the 5.5Å map as the initial model 489 

and masking the refinement with the mask described above. This produced s 4.9Å map that 490 

was subjected to particle subtraction wherein a cylinder with a radius and height of 35 Å was 491 

isolated from the center of the TMD as described previously(7). These subtracted particles were 492 

3D classified without applying angles and the best 46,384 particles were unsubtracted and 493 

subjected to several rounds of 3D refinement and 3D classification without applying angles. The 494 

final unsharpened map was composed of 21,802 particles and refined to 4.5Å in RELION. The 495 

map was then sharpened using the software bfactor with an applied b factor of -330 and final 496 

resolution was 4.2Å as estimated by rmeasure(43, 44). Local resolution was calculating using 497 

RESMAP(45). 498 

ZINC17988990-bound TRPV5 structure determination  499 

 Motioncor2 was used to align each of the 1,340 movies and adjust for beam induced 500 

motion(38). CTF estimation was performed using GCTF on the summed movies(39). 501 

Subsequent data processing was performed on the dose weighted micrographs in RELION(40-502 

42) unless otherwise specified. Laplacian-of-Gaussian reference-free autopicking was used to 503 

pick 30,227 paricles from all 1,340 micrographs. These particles were then 2D classified to 504 

create templates for autopicking. A total of 670,057 particles were autopicked from all 1,340 505 
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micrographs. These particles were subjected to 2D classification and all particles within the best 506 

class with a defocus value >2.0µm as estimated by GCTF were selected. These 2,639 particles 507 

were refined to 15.7Å without a mask using the electron density map of lipid-bound TRPV5 508 

(EMB-7965) filtered to 60Å as the initial model. A mask was created of this density map by 509 

applying a filter of 15Å at a threshold of 0.004 and extending the edge and adding a soft edge of 510 

7 pixels. The original 670,057 were 2D classified again to rescue more particles and the best 511 

98,516 particles were refined with the mask described above and the filtered lipid-bound TRPV5 512 

as the initial model. These particles were subjected to three rounds of CTF refinement, bayesian 513 

particle polishing and 3D refinement. The final unsharpened refinement was resolved to 4.06Å 514 

and was sharped using the autosharpening feature in PHENIX(40) to 3.78Å. Local resolution 515 

was calculating using RESMAP(45).  516 

 517 

Model building and refinement  518 

 The previously published lipid-bound TRPV5 structure (PDB: 6DMR) was used as the 519 

initial model for the ZINC17988990-bound TRPV5 structure which was subsequently used as 520 

the initial model for the lower resolution ZINC9155420-bound TRPV5 structure. Each model was 521 

manually adjusted to fit their respective electron density maps in COOT(46) and refined using 522 

phenix_realspace_refine(47) with imposed four-fold NCS. Compound restraint files for both 523 

compounds were created in PHENIX using the eLBOW(48) AM1 QM method of determining 524 

ligand geometry with the SMILES as the input. The SMILES can be found on the ZINC15 525 

compound database (http://zinc15.docking.org/). Each compound was docked into the density 526 

map using COOT and the structure underwent several rounds of manual adjustment in COOT 527 

followed by refinement in PHENIX. 528 

 For model validation each model was randomized by 0.5Å and refined against its 529 

respective halfmap1. FSC curves of the randomized models vs each of its halfmaps and the 530 

final models vs their respective final map were created using EMAN2. Figures were made in 531 

PyMOL and Chimera(49). Pore diagrams were generating using HOLE(50). RMSD values of 532 

whole protein comparisons were calculated using PyMOL.  533 

 534 

DATA AVAILABILITY  535 

The cryo-EM density maps and atomic coordinates of all structures presented in the text will be 536 

deposited into the Electron Microscopy Data Bank and Protein Data Bank under the following 537 

access codes: ZINC9155420-bound TRPV5 (PDB: 6PBF, EMB-20292); ZINC17988990-bound 538 

TRPV5 (PDB: 6PBE, EMB-20291).  539 
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Table 1. Cryo-EM data collection and model statistics 747 

 ZINC9155420-
Bound TRPV5 in 

Nanodiscs  
(PDB: 6PBF, 
EMB-20292) 

ZINC17988990-
bound TRPV5 in 

Nanodiscs 
(PDB: 6PBE, 
EMB-20291) 

Data collection and 
processing 

  

Magnification    ~45,500 ~45,500 

Voltage (kV) 300 300 
Defocus range (μm) 1.0-2.5 0.8-2.5 
Pixel size (Å)  1.064 1.064 
Symmetry imposed C4 C4 
Initial particle images (no.) 510,500 670,057 
Final particle images (no.) 21,802 98,516 
Map resolution (Å) 
    FSC threshold 

4.2 
0.143 

3.78 
0.143 

Map resolution range (Å) 3.5-5.5 3.0-5.0 
   
Refinement   
Model resolution cut-off (Å) 
    FSC threshold 

4.3 
0.143 

3.78 
0.143 

Map sharpening B factor (Å2) -330 -253 

Model composition 
    Nonhydrogen atoms 
    Protein residues 
    Ligands 

 
0 

2392 
4 

 
0 

2416 
4 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.005 
0.897 

 
0.006 
0.935 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.70 
5.02 
0.22 

 
1.72 
3.88 
1.18 

Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
93.20 
6.80 
0.00 

 
91.83 
8.17 
0.00 

 748 
 749 

750 
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Figure 1. Effects of novel inhibitors on TRPV5 and TRPV6 activity. HEK293 cells were 751 

transfected with rabbit TRPV5 or human TRPV6. Whole cell patch clamp experiments were 752 

performed as described in the methods section; monovalent currents were initiated using a 753 

divalent cation free solution. Currents are shown at 100 and -100 mV; zero currents are 754 

indicated by the dashed lines. (A-B) Representative traces for the effects of ZINC9155420 on 755 

(A) TRPV5 and (B) TRPV6 currents, the applications of various concentrations of ZINC9155420 756 

are indicated with the horizontal lines. (C) Summary of the data, current levels after two minutes 757 

of applying the various concentrations of the compounds were divided by basal current levels 758 

before the application of the drug. The data were fitted using the Hill1 equation with the Origin 8 759 

software; data are plotted as mean ± SEM (n=6 for each concentration for TRPV6 and n=8-11 760 

for each concentration for TRPV5). Inset shows the chemical formula for ZINC9155420. 761 

Asterisks denote chiral centers. (D-E) Representative traces for the effects of ZINC17988990 on 762 

(D) TRPV5 and (E) TRPV6 currents, the applications of various concentrations of 763 

ZINC17988990 are indicated with the horizontal lines. (F) Summary of the data, analyzed and 764 

plotted as in panel C (n=5-15 for each concentration). Inset shows the chemical formula for 765 

ZINC17988990. 766 

 767 

Figure 2. Effect of ZINC17988990 on other TRP channels. HEK293 cells were transfected 768 

with the mouse TRPV1, mouse TRPV3, the rat TRPV4 and the rat TRPM8 clones. Whole cell 769 

patch clamp experiments were performed as described in the methods section. (A-D) 770 

Representative traces for (A) TRPV1, (B) TRPV3, (C) TRPV4 and (D) TRPM8. The applications 771 

of the various channel agonists are shown with the horizontal lines above the current traces, the 772 

application of the different concentrations of ZINC17988990 are indicated by horizontal lines at 773 

the bottom. (E-F) Summary of the data at (E) 100 mV and (F) -100 mV. Current levels after two 774 

minutes of applying the various concentrations of the compounds were divided by agonist-775 
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induced current levels before the application of the drugs. Data show mean ± SEM, n=3-4 for 776 

TRPV1, n=3-6 for TRPV3, n=4-6 for TRPV4 and n=5-7 for TRPM8. 777 

Figure 3. Inhibitor-bound TRPV5 cryo-EM structures. (A) Cryo-EM density map of 778 

ZINC9155420-bound TRPV5 in nanodiscs. A single TRPV5 monomer is colored in teal while the 779 

remaining are shown in grey. Density attributed to bound ZINC9155420 is shown in pink and 780 

lipids are shown in khaki. (B) Atomic model of ZINC9155420-bound TRPV5 in nanodiscs. One 781 

potential pose of the bound ZINC9155420 molecule is shown as pink spheres. (C) Cryo-EM 782 

density map of ZINC17988990-bound TRPV5 in nanodiscs. A single TRPV5 monomer is 783 

colored in red while the remaining are shown in grey. Densities attributed to bound 784 

ZINC17988990 are shown in orange and light orange. Lipids are shown in khaki. (D) Atomic 785 

model of ZINC17988990-bound TRPV5 in nanodiscs. Potential poses for bound ZINC17988990 786 

in each binding location are shown as orange spheres.  787 

Figure 4. ZINC17988990 binding in the S1-S4 bundle. (A) Cryo-EM density map of the 788 

ZINC17988990 binding pocket in the S1-S4 bundle. Density attributed to ZINC17988990 is 789 

shown in orange. Lipids are colored in khaki. The TRPV5 protein is depicted with one monomer 790 

in red and three in grey. (B) (left) Atomic model of ZINC17988990 binding pocket in the lower 791 

portion of the S1-S4 bundle. (right) Zoomed in view of the binding pocket with residues that 792 

could constitute binding labeled and shown as sticks. One potential pose of the ZINC17988990 793 

molecule is shown as orange sticks. (C) Summary of the effects of ZINC17988990 on wild type 794 

TRPV5 (dashed line, replotted from Figure 1F) and the Y415F (red) and D406A (blue) mutants 795 

analyzed and plotted as in Figure 1. n=3-9 and 5-11 for each concentration for D406 and 796 

Y415F, respectively. (D) Summary of whole cell patch clamp experiments in HEK293 cells 797 

expressing wild type rbTRPV5 (black, replotted from Figure 1C) and D406A rbTRPV5 (blue, n=6 798 

for each concentration) in the presence of ZINC9155420 analyzed and plotted as in Figure 1. 799 

 800 
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Figure 5. S1-S4 bundle mediated inhibition of TRPV5. (A) Overlay of the lower S1-S4 bundle 801 

in ZINC17988990-bound (red) and lipid-bound (salmon) TRPV5. The arrow indicates the 802 

movement attributed to ZINC17988990 binding. (B) Overlay of the inhibitor binding pocket of 803 

ZINC17988990-bound (red) and lipid-bound (salmon) TRPV5. The arrows indicate the 804 

movement attributed to ZINC17988990 binding. Residues that could constitute ZINC17988990 805 

binding are labeled and shown as sticks.  (C) Overlay of the lower S1-S4 bundle in 806 

ZINC17988990-bound (red) and PI(4,5)P2-bound (green) TRPV5. The arrows indicate 807 

movement necessary for PI(4,5)P2 activation. (D) Overlay of the inhibitor binding pocket of 808 

ZINC17988990-bound (red) and PI(4,5)P2-bound (green) TRPV5. The arrows indicate 809 

movement necessary for PI(4,5)P2 activation.  Labels of residues that could constitute 810 

ZINC17988990 binding are labeled and shown as sticks. 811 

 812 

Figure 6. ZINC9155420 binding and inhibition. (A) Cryo-EM density map of the ZINC9155420 813 

binding pocket. Density attributed to ZINC9155420 is shown in pink. Lipids are colored in khaki. 814 

The TRPV5 protein is depicted with one monomer in teal and three in grey. (B) (left) Atomic 815 

model of the ZINC9155420 binding pocket. (right) Zoomed in view of the ZINC9155420 binding 816 

pocket with residues that could constitute binding labeled and shown as sticks. One potential 817 

pose of the ZINC9155420 molecule is shown as pink sticks and densities attributed to lipids are 818 

shown as khaki mesh. (C) Summary of the effects of ZINC9155420 on wildtype TRPV5 (black, 819 

replotted from Figure 1C) and M491A TRPV5 (red, n=4-7) analyzed and plotted as in Figure 1.  820 

 821 

Figure 1-figure supplement 1. TRPV5 inhibitor binding pocket from in silico screen. (A) 822 

Electrostatic map of tetrameric lipid-bound TRPV5 (PDB: 6DMR) used for SBVS (left).  823 

Electrostatic map of the inhibitor binding pocket in the TMD of TRPV5 (right). (B) Cartoon 824 

representation of inhibitor binding pocket of lipid-bound TRPV5. Residues involved in the screen 825 

are shown as sticks. 826 
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Figure 1-figure supplement 2.  SBVS compound hits. ZINC IDs and 2D chemical structures 827 

for the 65 unique chemical scaffolds identified in the in silico compound screen. 828 

Figure 1-figure supplement 3. In silico hits that had no effect on TRPV5 activity. Listed are 829 

compounds identified in the SBVS that showed no effect on rbTRPV5 current in our system. 830 

The effect of each compound was tested at the listed concentration. N indicates the number of 831 

replicates tested. 832 

Figure 1-figure supplement 4. Representative traces for tested compounds that had no 833 

effect on rbTRPV5 activity. Compounds in (A) were tested at 10 μM, compounds in (B) were 834 

tested at 3 μM. Compounds are labeled with their ZINC ID. Experiments were performed and 835 

displayed as in Figure 1. 836 

 837 
Figure 1-figure supplement 5. ZINC9155420 derivatives that had no effect on TRPV5 838 

activity. ZINC IDs and 2D chemical structures for the ZINC9155420 derivatives that did not 839 

alter TRPV5 activity. The effect of each compound was tested at the listed concentration. N 840 

indicates the number of replicates tested. 841 

 842 

Figure 2-figure supplement 1. The effect of ZINC17988990 on human TRPV5. (A) 843 

Representative current trace; the applications of various concentrations of the compound are 844 

indicated with the horizontal lines. (B) Summary of the data, current levels after two minutes of 845 

applying the various concentrations of the compounds were divided by basal current levels 846 

before the application of the drugs. The data were fitted using the Hill1 equation with the Origin 847 

8 software; data are plotted as mean ± SEM (n=4-6 for each concentration).   848 

 849 

Figure 2-figure supplement 2. Effect of ZINC17988990 on TRP channel mediated calcium 850 

flow. Intracellular Ca2+ measurements were performed as described in the methods section, 851 
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using a Flexstation 3 plate reader. HEK293 cells were transiently transfected with the 852 

genetically encoded Ca2+ indicator GCaMP6 and rbTRPV5 (A), hTRPV6 (B), pCDNA3 (C), 853 

rTRPV1 (D), rTRPV4 (E), mTRPM32 (F) and rTRPM8 (G). For all panels the baseline 854 

fluorescence was subtracted first, then all traces were normalized to the maximal fluorescence 855 

after the application of ionomycin; the traces show mean  SEM from three, or four different 856 

plates from independent transfections. Application of 10 μM ZINC17988990 or equivalent 857 

volume of DMSO (0.033%) at 20s is indicated by the first arrow. For panels A-C the cells were 858 

initially kept in a divalent free solution, and the second arrow indicates the application of 2 mM 859 

Ca2+. For panels D-G the cells were kept in a solution containing 2 mM Ca2+, and the second 860 

arrow indicates the application of the agonist of the TRP channel tested: 1 μM capsaicin for 861 

TRPV1 (D), 100 nM GSK1016790A for TRPV4 (E), 50 μM  pregenolone sulfate for TRPM3 (F) 862 

and 5 μM  WS12 for TRPM8 (G). The third arrow in each panel show the application of the Ca2+ 863 

ionophore ionomycin (2 μM). (H) Statistical summary normalized to the relative fluorescence 864 

increase induced by the TRP channel agonist or Ca2+ in vehicle treated cells. *** <0.001 (t-test).  865 

 866 

Figure 2-figure supplement 3. Effects of ZINC17988990 on rbTRPV5 and hTRPV6 867 

expressed in Xenopus oocytes. TEVC experiments were performed as described in the 868 

methods section. (A-B) Shows representative traces for rbTRPV5 and hTRPV6, respectively. 869 

(C) Shows data summary. Data were analyzed the same way as for HEK293 cell experiments. 870 

 871 

Figure 2-figure supplement 4. The effects of ZINC05626366 on rbTRPV5. (A-B) 872 

Representative traces for whole cell patch clamp experiments in HEK293 cells expressing 873 

rbTRPV5. (C) Data summary, mean +/- SEM n=3-4. Inset shows the chemical structure of 874 

ZINC05626366. 875 

 876 
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Figure 3-figure supplement 1. Cryo-EM overview of ZINC9155420-bound TRPV5 in 877 

nanodiscs. (A) (left) Representative 2D micrograph of rbTRPV5 incubated with 10µM 878 

ZINC9155420 in nanodiscs. (right) 2D classes of ZINC9155420-bound TRPV5 in nanodiscs. (B) 879 

FSC curves and model validation curves of ZINC9155420-bound TRPV5 in nanodiscs. (C) 880 

Angular distribution of particles used to reconstruct the final 3D structure of ZINC9155420-881 

bound TRPV5 in nanodiscs. Tall red cylinders indicate a larger number of particles and short 882 

blue cylinders indicate fewer particles. (D) Multiple views of the local resolution of 883 

ZINC9155420-bound TRPV5 in nanodiscs. Regions colored blue have local resolutions of 3.5 Å, 884 

white regions are 4.5 Å and red regions are 5.5 Å. 885 

 886 

Figure 3-figure supplement 2. Data quality of ZINC9155420-bound TRPV5 in nanodiscs. 887 

Various helices of ZINC9155420-bound TRPV5 shown as atomic models (teal ribbons) with the 888 

corresponding cryo-EM density (grey mesh). 889 

 890 

Figure 3-figure supplement 3. Cryo-EM overview of ZINC17988990-bound TRPV5 in 891 

nanodiscs. (A) (left) Representative 2D micrograph of rbTRPV5 incubated with 10µM 892 

ZINC17988990 in nanodiscs. (right) 2D classes of ZINC17988990-bound TRPV5 in nanodiscs. 893 

(B) FSC curves and model validation curves of ZINC17988990-bound TRPV5 in nanodiscs. (C) 894 

Angular distribution of particles used to reconstruct the 3D structure of ZINC17988990-bound 895 

TRPV5 in nanodiscs. Tall red cylinders indicate a larger number of particles and short blue 896 

cylinders indicate fewer particles. (D) Multiple views of the local resolution of ZINC17988990-897 

bound TRPV5 in nanodiscs. Regions colored blue have local resolutions of 3.0 Å, white regions 898 

are 4.0 Å and red regions are 5.0 Å. 899 

 900 
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Figure 3-figure supplement 4. Data quality of ZINC17988990-bound TRPV5 in nanodiscs. 901 

Various helices of ZINC17988990-bound TRPV5 shown as atomic models (red ribbons) with the 902 

corresponding cryo-EM density (grey mesh). 903 

 904 

Figure 3-figure supplement 5. Inhibition of TRPV5 by novel compounds. (A) Cartoon dimer 905 

pore of ZINC9155420-bound TRPV5 with constriction residues labeled and shown as sticks. (B) 906 

Cartoon dimer pore of ZINC17988990-bound TRPV5 with constriction residues labeled and 907 

shown as sticks. Grey dots indicate the diameter of the pore. (B) Graphical representation of the 908 

pore radii of ZINC9155420-bound (teal), ZINC17988990-bound (red) and PI(4,5)P2-bound 909 

(green) TRPV5. The dotted line indicates the radius of a dehydrated calcium ion. Constriction 910 

residues are labeled. 911 

 912 

Figure 4-figure supplement 1. Cryo-EM half maps of intracellular S1-S4 bundle binding 913 

pocket. (A) The intracellular S1-S4 bundle binding pocket in the sharpened map (left), half map 914 

1 (center) and half map 2 (right) of ZINC17988990-bound TRPV5. One potential pose of bound 915 

ZINC17988990 is shown as orange sticks. (B) The intracellular S1-S4 bundle binding pocket in 916 

the sharpened map (left), half map 1 (center) and half map 2 (right) of ZINC9155420-bound 917 

TRPV5. (C) The intracellular S1-S4 bundle binding pocket in the sharpened map (left), half map 918 

1 (center) and half map 2 (right) of lipid-bound TRPV5 (PDB: 6DMR, EMB-7965). The density 919 

maps are shown as grey mesh. 920 

 921 

Figure 4-figure supplement 2. Ligand binding in the intracellular S1-S4 bundle. Cryo-EM 922 

density maps of the intracellular S1-S4 bundle of (A) lipid-bound TRPV5 (EMB-7965) with the 923 

lipid shown in khaki, (B) apo TRPV5 (EMB-0594) with lipids shown in khaki, (C) ZINC17988990-924 

bound TRPV5 with ZINC17988990 shown in orange, (D) ZINC9155420-bound TRPV5 with non-925 

protein density shown in khaki (E) apo TRPV6 (EMB-7824) with the lipid shown in khaki, (F) 2-926 
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APB-bound TRPV6 (EMB-7825) with the lipid shown in khaki and 2-APB shown in red, (G) apo 927 

TRPM8 (EMB-7127) and (H) WS-12-bound TRPM8 (EMB-0487) with WS-12 shown in red. 928 

 929 

Figure 4-figure supplement 3. Select sequence alignments. (A) Sequence alignments for 930 

the S1-S4 bundle for various TRP family channels. rbTRPV5 is highlighted in green. (B) 931 

Sequence alignments for the S4-S5 linker of multiple orthologs of TRPV5 and TRPV6. Residues 932 

that constitute the compound binding sites are highlighted in yellow. Sequence conservation is 933 

shown above the alignments and represented as grey boxes. 934 

 935 

Figure 4-figure supplement 4. ZINC17988990 interaction with the S4-S5 linker. (A) Cryo-936 

EM density map of the ZINC17988990 binding pocket in the S4-S5 linker. Density attributed to 937 

ZINC17988990 is shown in orange. Lipids are colored in khaki. The TRPV5 protein is depicted 938 

with one monomer in red and three in grey. (B) (left) Atomic model of the ZINC17988990 939 

binding pocket in the S4-S5 linker. (right) Zoomed in view of the ZINC17988990 binding pocket 940 

with residues that could constitute binding labeled and shown as sticks. One potential pose of 941 

the ZINC17988990 molecule is shown as orange sticks and annular lipids are shown as khaki 942 

mesh. (C) Summary of the effects of ZINC17988990 on wildtype TRPV5 (black, replotted from 943 

Figure 1F), D406A TRPV5 (blue, replotted from Figure 4C), M491A TRPV5 (green, n=5-6) and 944 

M491A-D406A TRPV5 (red, n=6) analyzed and plotted as in Figure 1.  945 

 946 

Figure 4-figure supplement 5. Cryo-EM half maps of the S4-S5 binding pocket. (A) The 947 

S4-S5 binding pocket in the sharpened map (left), half map 1 (center) and half map 2 (right) of 948 

ZINC9155420-bound TRPV5. One potential pose of bound ZINC9155420 is shown as pink 949 

sticks. (B) The S4-S5 binding pocket in the sharpened map (left), half map 1 (center) and half 950 

map 2 (right) of lipid-bound TRPV5 (PDB: 6DMR, EMB-7965). (C) The S4-S5 binding pocket in 951 

the sharpened map (left), half map 1 (center) and half map 2 (right) of ZINC17988990-bound 952 
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TRPV5. One potential pose of bound ZINC17988990 is shown as orange sticks. The density 953 

maps are shown as grey mesh.  954 

 955 

Figure 5-figure supplement 1. The effect of reducing PI(4,5)P2 levels with a voltage 956 

sensitive phosphatase on wild type and mutant TRPV5 channels. HEK293 cells were 957 

transfected with drVSP and TRPV5 or its mutants. Whole cell patch clamp recordings were 958 

performed as described in the methods section; the membrane potential was clamped at -100 959 

mV. drVSP is inactive at -100 mV, once it is activated by depolarizing membrane potentials, it 960 

removes the 5’ phosphate from PI(4,5)P2. (A) Representative current trace in cells transfected 961 

with drVSP and wild type rbTRPV5, depolarizing pulses to 100 mV were applied to activate 962 

drVSP. (B) Summary of inhibition by the different length depolarization pulses for wild type and 963 

the D406A and the Y415F mutants of TRPV5. Statistical significance was calculated with two-964 

way analysis of variance, inhibition of the wild type TRPV5 was significantly different from that of 965 

the D406A mutant (p=0.00037), but not from the Y415F mutant (p=0.137) with Tukey’s post hoc 966 

test. In the figure, statistical difference was also calculated by uncorrected t-test at individual 967 

depolarization lengths, * p<0.05, **p<0.01, (C) Summary of raw current amplitudes (n=6-8).  968 

 969 

Figure 5-figure supplement 2. Structural divergence between TRPV5 and TRPV6 at the 970 

S2-S3 linker. (A) Cryo-EM density of ZINC17988990-bound TRPV5 in nanodiscs. The S2-S3 971 

linker is circled and labeled. (B-C) Cryo-EM densities of (B) rat TRPV6 in nanodiscs (EMB-972 

7123) and (C) human TRPV6 in nanodiscs (EMB-7120). The end of the resolved cryo-EM 973 

density for both the S2 and S3 helices are circled. 974 

 975 

Figure 6-figure supplement 1. Predicted vs. observed binding. (A) Predicted ZINC9155420 976 

binding mode at the econazole binding site.  (B-C) Observed binding site on the S4-S5 linker 977 
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based on the cryo-EM data for (B) ZINC9155420 shown as pink sticks and (C) ZINC17988990 978 

shown as orange sticks.  979 

 980 

 981 
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Figure 1-figure supplement 2
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Figure 1-figure supplement 3  

 

Number ZINC ID Other name(s)  N Concentration 

1 ZINC04842852 
 

2 10 µM 

2 ZINC11664563 
 

2 10 µM 

3 ZINC19147573 
 

2 10 µM 

4 ZINC53523490 
 

2 10 µM 

5 ZINC36358455 
 

1 10 µM 

6 ZINC65502652 
 

1 10 µM 

7 ZINC67871925 
 

1 10 µM 

8 ZINC72168826 
 

1 10 µM 

9 ZINC72407626 
 

5 10 µM 

10 ZINC77564673 
 

4 10 µM 

11 ZINC299768831 
 

3 10 µM 

12 ZINC40566535 
 

2 10 µM 

13 ZINC9579411 
 

2 10 µM 

14 ZINC9514316 
 

2 10 µM 

15 ZINC12541229 
 

2 10 µM 

16 ZINC48287288 
 

1 10 µM 

17 ZINC29099048 
 

1 10 µM 

18 ZINC65589127 
 

1 10 µM 

19 ZINC95428543 
 

1 10 µM 

20 ZINC189545218 
 

1 10 µM 

21 ZINC12629272 
 

1 3 µM 

22 ZINC02066182 
 

1 3 µM 

23 ZINC03143326 
  

did not dissolve 

24 ZINC79490144 
 

1 3 µM 

25 ZINC09344575 
  

did not dissolve 

26 ZINC334162937 
 

3 3 µM 

27 ZINC02293820 
  

did not dissolve 

28 ZINC04123130 
 

3 3 µM 

29 ZINC36208021 V016-9987 1 3 µM 

30 ZINC31168775 NP-014292 1 3 µM 

31 ZINC16322280 LT00723737 1 3 µM 

32 ZINC05067315 EB12699 2 3 µM 

33 ZINC40138964 PB447083392 1 3 µM 

34 ZINC23326129 V014-6317 1 3 µM 

35 ZINC08764705 PHAR199755 3 3 µM 

36 ZINC257316788 
 

3 3 µM 

37 ZINC19340733 
 

5 3 µM 

38 ZINC585290561 
 

8 3 µM 

39 ZINC257283810 
 

2 3 µM 

40 ZINC257264474 
 

3 3 µM 

41 ZINC281297333 
 

1 3 µM 

 





Figure 1-figure supplement 5 

 
2D Structure ZINC ID Other name (s) N Concentration 

 ZINC09389941 ZINC09389950 2 10 µM 

 ZINC25054165 
Z54077885, 
ZINC25054160 2 10 µM 

 ZINC09960474 ZINC09960477 1 10 µM 

 ZINC13148573 ZINC13148574 2 10 µM 
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