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Calcium-selective oncochannel TRPV6 is the major driver of cell pro-

liferation in human cancers. While significant effort has been invested in the
development of synthetic TRPV6 inhibitors, natural channel blockers have
been largely neglected. Here we report the structure of human TRPV6 in
complex with the plant-derived phytoestrogen genistein, extracted from
Styphnolobium japonicum, that was shown to inhibit cell invasion and
metastasis in cancer clinical trials. Despite the pharmacological value, the
molecular mechanism of TRPV6 inhibition by genistein has remained
enigmatic. We use cryo-EM combined with electrophysiology, calcium
imaging, mutagenesis, and molecular dynamics simulations to show that
genistein binds in the intracellular half of the TRPV6 pore and acts as anion
channel blocker and gating modifier. Genistein binding to the open channel
causes pore closure and a two-fold symmetrical conformational rearran-
gement in the S4-S5 and S6-TRP helix regions. The unprecedented
mechanism of TRPV6 inhibition by genistein uncovers new possibilities in

structure-based drug design.

TRPV6 is a representative of the vanilloid subfamily of transient
receptor potential (TRP) channels that serves as an entry gate for
capturing dietary calcium ions in the gut'>. TRPV6 mutations and
abnormal expression of this channel*® have been linked to a range of
human diseases associated with disturbed calcium homeostasis,
including transient neonatal hyperparathyroidism, under-
mineralization, and dysplasia of the human skeleton, hypercalciuria,
chronic pancreatitis, various reproductive diseases, Pendred syn-
drome and Crohn’s-like disease**°. Since calcium uptake is linked to
cell proliferation and cancer progression, TRPV6 was also declared an
oncochannel” %, Indeed, TRPV6 was found to overexpress in some of
the most severe human cancers, including leukemia, breast, prostate,
colon, ovarian, thyroid, and endometrial cancers®”*"*, In addition, an
ancestral variant of this oncochannel has emerged as a driver of higher
incidence, higher mortality, and more aggressive forms of different

cancer types in people of African descent®. Inhibitors of TRPV6 are
therefore in high demand.

While several synthetic inhibitors of TRPV6 have been making a
slow progress towards clinical trials'>**"?*, scientific exploration and
pharmaceutical exploitation of natural TRPV6 inhibitors have been
largely neglected despite their apparent benefits, such as pharmaco-
kinetics optimized by nature in the course of evolution?. The natural
isoflavone and phytoestrogen genistein (4',5,7-trihydroxyisoflavone)
was previously suggested to act as a TRPV6 inhibitor*’. Genistein is a
common precursor in the biosynthesis of antimicrobial phytoalexins
and phytoanticipins in legumes and as a predominant isoflavone in
nutritional soy products it has a potential to be the major component
of an individual’s diet® **. Importantly, dietary genistein shows a range
of potential health-beneficial effects, including the ability to inhibit cell
invasion and metastasis in various forms of human cancer®***,
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Beyond treatment of prostate, colon, kidney, pancreatic, ovarian,
breast, and lung cancers®®**%, therapeutic potential of genistein
extends to the treatment of cardiovascular diseases®®*’°, post-
menopausal”’? and gastrointestinal”® ailments, and bone loss™”’.
Genistein has been investigated in 75 clinical trials (clinicaltrials.gov),
where it shows antimetastatic efficacy’® and positive effects in treat-
ment of metabolic syndrome”.

In this study, we explore the molecular basis of human TRPV6
(hTRPV6) inhibition by the natural phytoestrogen genistein®® extrac-
ted from Styphnolobium japonicum. Using cryo-electron microscopy
(cryo-EM) combined with calcium imaging, electrophysiology, muta-
genesis, and molecular dynamics (MD) simulations we show that
genistein binds in the intracellular half of the hTRPV6 pore and acts as
an ion channel blocker and gating modifier. Upon binding to the open
pore of hTRPV6, genistein converts it into a non-conducting con-
formation with a two-fold symmetrical arrangement of the pore-
forming segments. This conformation is likely stabilized by two puta-
tive metal binding sites at the pore intracellular entry and has S4-S5
and S6-TRP regions, which typically include two a-helices, transformed
into three helices-containing segments in two diagonal subunits. The
unusual mechanism of TRPV6 inhibition by genistein lays the foun-
dations for the development of much-needed new drugs targeting
TRPVe6-associated diseases, including cancers.

Results

Functional characterization of hTRPV6 inhibition by genistein
TRPV6 is a constitutively open ion channel**®2 In response to a -100
to +70 mV voltage ramp, whole-cell patch-clamp recordings from HEK
293S cells expressing wild-type human hTRPV6 showed inward-
rectified currents (Fig. 1a), typical for this ion channel® . In the pre-
sence of genistein, the TRPV6-mediated currents were reduced. Thus,
at -60 mV membrane potential, 50 uM genistein produced 54 +4%
(mean +SEM, n=13) inhibition of the hTRPV6-mediated current.
Measurements of the concentration dependence of the hTRPV6-
mediated current inhibition yielded the half-maximal inhibitory con-
centration, [Cs0=40.7+2.6uM, and the Hill coefficient,
nuin=180+0.13 (n=7, Supplementary Fig. 1). We also monitored
hTRPV6 inhibition by genistein using Fura-2-based measurements of
changes in intracellular Ca*. Changes in the fluorescence intensity
ratio at the excitation wavelengths 340 and 380 nm (F340/F380) evoked
by addition of 10 mM Ca** were measured after pre-incubation of
hTRPV6-expressing HEK 293S cells in different concentrations of
genistein (Fig. 1b). Genistein inhibited hTRPV6-mediated Ca** uptake
with the values of [Cso=113.2+4.7uM and nyy=0.77+0.02
(n=3, Fig. 1c).

Cryo-EM analysis of hTRPV6 in the presence of genistein
Purified hTRPV6 protein was supplemented with 2 mM genistein and
subjected to cryo-EM analysis (Methods; Supplementary Fig. 2). Col-
lected cryo-EM micrographs showed evenly dispersed particles of
hTRPV6 (Supplementary Fig. 3a). Processing of the data revealed two
distinct populations of particles, both showing diverse angular cov-
erage. The corresponding 2D-class averages demonstrated clearly
visible secondary structure elements, supporting the high quality of
the collected cryo-EM data (Supplementary Fig. 3b, c¢). The first,
smaller population of particles yielded a 2.71-A cryo-EM map that
showed four-fold rotational symmetry (C4) and represented a typical
genistein-free apo state, h\TRPV6qpen (Fig. 1d-f, Supplementary Fig. 3d,
f, h and Supplementary Table 1). The second, predominant population
of particles yielded a 2.66-A 3D reconstruction with no symmetry
imposed (Cl1), which had two densities of the size of a genistein
molecule that had never been seen in TRPV6 reconstructions before
(Fig. 1g-i, Supplementary Figs. 3e, g, i and 4, Supplementary Table 1).
Further analysis showed that this second reconstruction represents a
genistein-bound inhibited state of the channel, hTRPV6gg.

For the 4-fold symmetrical hTRPV6¢pe, homotetramer, we built a
molecular model of a single subunit, including residues 28-637 and
excluding residues 1-27 (N-terminus) and 638-725 (C-terminus), which
were not clearly resolved in the cryo-EM map. We also built a molecular
model for each of the four subunits of the hTRPV65gy homotetramer,
including residues 27-638 and excluding residues 1-26 (N-terminus)
and 639-725 (C-terminus) that were not clearly resolved in the corre-
sponding cryo-EM density. The transmembrane regions of hTRPV6open
and hTRPVé6¢ey were surrounded by numerous non-protein auxiliary
densities, which we modeled as annular lipids (Fig. 1d-i). Due to high
quality of hTRPV6ppen and hTRPV6en reconstructions, three such
densities per subunit were identified as representing cholesteryl
hemisuccinate (CHS), which was added to the protein sample during
purification to enhance protein stability (see Methods). The CHS sites
are likely to bind cholesterol in vivo.

hTRPV6¢pen and hTRPV6¢ey structures

The structures of hTRPV6open and hTRPV6¢ey (Fig. 2a—c) have a similar
overall architecture to the previously determined structures of
TRPV6™77%%%’_In a nutshell, hTRPV6 is assembled of four subunits and
contains a transmembrane domain (TMD) with a central ion channel
pore and an intracellular skirt that is mostly built of ankyrin repeat
domains connected by the three-stranded B-sheets, N-terminal helices,
and C-terminal hooks®. Amphipathic TRP helices run nearly parallel to
the membrane and interact with both the TMD and the skirt. The TMD
is composed of six transmembrane helices S1-S6 and a re-entrant pore
loop (P-loop) between S5 and Sé6. A bundle of the first four trans-
membrane helices represents the S1-S4 domain, which in voltage-gated
ion channels forms a voltage sensor®. The pore domain of each subunit
includes S5, P-loop, and S6, and is packed against the S1-S4 domain of
the neighboring subunit in a domain-swapped arrangement®*°,

Despite the overall similarity (Fig. 2c), hTRPV6gpen and
hTRPV6¢en structures have different conformations of the ion-
conducting pore (Fig. 2d, e). As in all representatives of the tetra-
meric ion channel family, the ion-conducting pore of TRPV6 has two
narrow regions, the selectivity filter formed by the extended regions of
the P-loop and the gate formed by the S6 bundle crossing, separated
by the central cavity in the middle. The selectivity filter of TRPV6 is a
structural element responsible for high calcium selectivity and in both
structures, it adapts a conformation nearly identical to the previously
published TRPV6 structures. Interestingly, however, the gate region
shows drastically different conformations. In hTRPV6¢pen, the pore is
wide open (Fig. 2f) and its narrow region is lined by residues N572 and
1575 (Fig. 2d). This conformation is the same as in the previously
published open-state structures of TRPV6, independent of whether
they had C-terminus truncated or not and whether the protein was
purified in different types of detergents, nanodiscs or amphipols
(Supplementary Fig. 5), strongly supporting our initial assignment of
hTRPV60pen to the open conducting state.

In contrast to hTRPV6gpen, the gate region in h-TRPV6ey is narrow
and fully sealed by the side chains of L574 and M578 (Fig. 2e, f). Similar
pore narrowing was observed in the closed-state structures of TRPV6,
independent of whether they were apo-state structures®**” or struc-
tures obtained in the presence of inhibitors 2-APB or econazole, or ion
channel blocker ruthenium red (RR)?*° (Fig. 2f). The characteristic
feature of the TRPV6 closed-state is a-helical S6 (Fig. 2e). In the open
state, S6 undergoes an a-to-Tt transition, which produces a m-bulge in
the middle of this helix (Fig. 2d). Formation of the m-bulge is accom-
panied by a ~-100° rotation of the C-terminal portion of S6, which
brings a completely different set of residues to face the pore and opens
it for ion conduction®*°.

Two-fold symmetry of hTRPV6gy Sstructure
A closer look at the hTRPV6¢gy structure reveals non-equivalency of
the two pairs of diagonal subunits, A/C and B/D (Fig. 3). Overall, the
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Fig. 1| Functional and cryo-EM characterization of TRPV6 inhibition by gen-
istein. a Whole-cell patch-clamp currents recorded from HEK 293S cell expressing
hTRPV6 in response to 100 to +70 mV voltage ramp in the absence (blue) and
presence (red) of 50 uM genistein. The inset shows the chemical structure of gen-
istein. b Representative ratiometric Fura-2-based fluorescence measurements of
changes in intracellular Ca* for HEK 293S GnTI" cells expressing hTRPV6. The
changes in the fluorescence intensity ratio at 340 and 380 nm (F340/F3g0) Were
monitored in response to application of 10 mM Ca*" (arrow) after pre-incubation of
cells with various concentrations of genistein. The experiment was repeated
independently three times with similar results. ¢ Dose-response curve for genistein
inhibition of Ca** uptake. The changes in the fluorescence intensity ratio at 340 and

[¢]

380 nm (F340/F350) evoked by the addition of 10 mM Ca?" after pre-incubation with
various concentrations of genistein were normalized to the maximal change in F340/
F3g0 after the addition of 10 mM Ca*" in the absence of genistein. The curve through
the data points is a fit with the logistic equation, with the mean + SEM values of the
half-maximum inhibitory concentration (/Csp), 113.2 + 4.7 uM, and the Hill coeffi-
cient, nyy = 0.77 £ 0.02 (n =3 independent experiments). d-i 3D cryo-EM density
for TRPV6open (d-f) and TRPV6¢ey (g-i) viewed from the bottom (d, g), side (e, h)
or side but cut off along the dashed lines in d and g (f, i), respectively. TRPV6 su-
bunits are colored yellow, green, pink, and cyan. Putative densities for genistein at
sites 1 and 2, lipids, and ions (M) are shown in red, purple, and blue, respectively.
The density for calcium at the selectivity filter is shown in green.

structure is ~4-fold symmetrical but shows noticeable deviations from
the 4-fold symmetry at the intracellular region of the ion channel pore,
around the two putative sites of genistein binding (Fig. 3a, b). The
exact regions that underlie the deviation from the 4-fold symmetry can
be easily pinpointed by superposition of individual hTRPV6¢gy sub-
units (Fig. 3c) and include the S4-S5 linker (Fig. 3d) and S6-TRP helix
connection (Fig. 3f). Indeed, the conformations of the S4-S5 linker and
S6-TRP helix connection appear to be similar within A/C and B/D pairs
of the diagonal subunits and different between these two pairs (Fig. 3¢
and Supplementary Movie 1).

In the A/C pair, the S4-S5 region includes a continuous helical
segment with two sections, S4-S5 linker and S5, tilted with respect to
each other by -28° at around W495 (Fig. 3d). This continuous helical

segment is present in all previously published 4-fold symmetrical
structures of TRPV6 but the tilt angle, ~51°, is much larger than in A and
C subunits of hTRPV6gey (Fig. 3e). As a consequence of the smaller
angular tilt, the unfolded region connecting S4 to the S4-S5 linker in A
and C subunits of hTRPV6¢gy (Fig. 3d) is much larger than the corre-
sponding region in the 4-fold symmetrical structures of TRPV6
(Fig. 3e). The conformation of the S4-S5 region in subunits B and D of
hTRPV6¢eny shows an even more drastic difference from the 4-fold
symmetrical structures. In this case, S5 is straight, elongated, and
separated from the helical part of the S4-S5 linker by an unfolded
stretch of polypeptide (Fig. 3d). Correspondingly, the S4-S5 region,
which includes only two continuous helical segments in all published
structures of TRPV6 (Fig. 3e), in B and D subunits of hTRPV6¢gy

Nature Communications | (2023)14:2659



Article

https://doi.org/10.1038/s41467-023-38352-5

Fig. 2 | Open-state and genistein-bound closed-state structures of TRPV6.

a, b TRPV60pen (@) and TRPV6ey (b) structures viewed from the side, with calcium
at the selectivity filter shown as green spheres. In TRPV6¢gn, molecules of genistein
at sites 1 and 2 are shown as red space-filling models, and metal ions at the intra-
cellular pore entry (M) as dark blue spheres. ¢ Superposition of TRPV6,e, (Orange)
and TRPV6cgy (blue) structures. d, e Pore-forming domain in TRPV6pen (d) and
TRPV6¢Ey (e) with the residues contributing to pore lining shown as sticks. Only

Distance Along Pore (A)

|
|
! Econazole
I
|

| T T T T T T T T T 1
1 2 3 4 5 6 7

Pore Radius (A)

two of four subunits are shown, with the front and back subunits omitted for clarity.
The pore profile is shown as a space-filling model (gray). The region that undergoes
the a-to-Tt transition in S6 is highlighted in pink. f Pore radius for TRPV6open
(orange), TRPV6ey (blue), ruthenium red-bound structure TRPV6gR (purple, PDB
ID: 7S8B), and econazole-bound structure TRPV6g, (green, PDB ID: 7S8C), calcu-
lated using HOLE. The vertical dashed line denotes the radius of a water
molecule, 1.4 A.

transforms into the region with three helical segments (Fig. 3d and
Supplementary Movie 1).

The S6-TRP helix region in subunits A and C of hTRPV6ggy
includes two continuous helical segments (Fig. 3f), similar to the cor-
responding region in the previously published 4-fold symmetrical
structures of TRPV6 (Fig. 3g). However, the a-helical S6 in the closed-
state structures is one-helical turn shorter than Sé6 in subunits A and C
of hTRPV6¢gy, while the similarly long Sé6 in the previously published
open-state structures contains the t-bulge in the middle. The elon-
gation of S6 in subunits A and C of the closed-pore hTRPV6gy results
in one-helical turn shortening of the TRP helix and elongation of the
unfolded region connecting Sé6 to the TRP helix (Fig. 3f). In subunits B
and D of hTRPV6¢gy, the S6-TRP helix region also shows a drastic
difference from the corresponding region in the 4-fold symmetrical
structures. In this case, the TRP helix maintains approximately the
same size as in the previously published closed-state structures, while
a-helical S6 splits around M578 into two helical segments, S6 and S6-
TRP (Fig. 3f, g and Supplementary Movie). Thus, both the S4-S5 and
S6-TRP helix regions in hTRPV6¢gy adapt the conformations different
from all previously published structures of TRPVé6.

Genistein binding sites
Close inspection of the hTRPV6¢gy cryo-EM map revealed two den-
sities of the shape of a genistein molecule at the intracellular half of the

ion channel pore that were not present in the hTRPV6ope, map (Fig. 4a,
Supplementary Fig. 4). When fitted into these densities, both mole-
cules of genistein appear to be located at the central pore axis and
oriented with their long axis perpendicular to the pore axis. The upper
site (1) is located above the gate, at the bottom of the central cavity,
and is contributed by the S6 hydrophobic residues M570, L571 and
L574 (Fig. 4b). The bottom site (2) is right below the gate, at the
intracellular entrance to the ion channel pore, and contributed by the
residues M578, G579, H582, W583 and A586 (Fig. 4c). The cryo-EM
density at site 2 is somewhat weaker than at site 1. Since genistein was
purified from a natural source, we cannot exclude the possibility that
the lower site represents a bound contaminant. However, we believe
that such a possibility is highly unlikely given the resemblance of the
density with the molecule of genistein and the high degree (-99%) of
the reagent purity, which was verified using multiple methods. CHS is
also an unlikely candidate to represent the density in site 2 as this
density does not resemble the shape of CHS and it only appears when
genistein is added to the sample, while CHS is always present in all our
TRPV6 preparations.

Due to the orientation of both genistein molecules perpendicular
to the ion channel central axis, the two pairs of hTRPV6ggy diagonal
subunits A/C and B/D contribute a different number of residues to
genistein binding. Correspondingly, different strength of genistein
interaction with the two pairs of diagonal subunits is the likely cause of
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Fig. 3 | Deviation of TRPV6¢gy from 4-fold rotational symmetry. a, b TRPV6gen
structure viewed parallel to the membrane (a) and intracellularly (b), with two
diagonal subunits, A and C, colored green, another two, B and D, pink, and metal
ion binding sites (M) shown as blue spheres. Molecules of genistein are shown as
stick models and the corresponding cryo-EM density as red mesh. ¢ Superposition
of four TRPV6gy subunits. The red box outlines the region where subunits A and C
show significant structural differences compared to subunits B and D.

d, e Superposition of the S4-S5 regions in subunits A (green) and B (pink) of

 for
& . for TRPVG,
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;?1;/578
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RN

TRPV6¢en (d) and TRPV6pen (0range), TRPV6Rg (blue) and TRPV6g, (dark green)
subunits (e). The angle between continuous helical regions S4-S5 and S5 is indi-
cated. f, g Superposition of the S6-TRP helix regions in subunits A (green) and B
(pink) of TRPV6¢en (f) and TRPV6¢pen (orange), TRPV6gg (blue) and TRPV6, (dark
green) subunits (g). The region that undergoes the a-to-Tt transition in Sé is high-
lighted in hot pink. The lengths of helical regions and ~100° rotation of Sé6 during
channel opening are indicated.

asymmetric pore transformation (Fig. 3). This transformation appears
to be stabilized by the formation of two asymmetrically located metal
ion binding sites at the intracellular pore entry.

Putative metal binding sites at the hTRPV6¢gy pore intracel-
lular entry

Two strong densities at the pore intracellular entrance, located two-
fold symmetrically relative to the central pore axis, are observed in the
cryo-EM density of hTRPV6gen (Supplementary Fig. 6a). Each of these
densities is in the middle of three-histidine clusters, which include
H587 of the B/D diagonal subunits pair as well as H582 and H587 of the
A/C diagonal subunits pair (Fig. 4a, c). The distances from the center of
the density to histidines (Supplementary Fig. 6b, c) are 2.3-2.5 A (H587
in B/D), 2.2-2.4 A (H582 in A/C) and 2.2A (H587 in A/C), which are
typical for histidine coordination of Zn* ions’**, although other metal
ions, such as Mg?, Ca*" or Na*, can be coordinated as well®*®. These
metal ions (M) are either the main components of our purification
buffers (Na*) or likely impurities of either the buffer components or
genistein, which was extracted from Styphnolobium japonicum.

To test possible contribution of the putative metal ions to TRPV6
inhibition by genistein, we introduced alanine mutations of H582,
H587, or both and used Fura-2 fluorescent measurements to estimate
changes in calcium uptake through the corresponding mutant chan-
nels at different genistein concentrations (Fig. 4d). Genistein inhibition
of calcium uptake through the H582A mutant was weaker than through
wild-type channels as indicated by the rightward shift of the genistein
concentration-dependence. A stronger shift in the concentration-
dependence was observed for H587A and H582A/H587A mutants, with
a little difference between the two, consistent with the predominant
contribution (two out of three) of H587 to the putative metal ion
coordination (Fig. 4a, c and Supplementary Fig. 6). Therefore, our
mutagenesis combined with functional recordings are consistent with

the putative metal ion coordination by the three-histidine clusters
being an additional factor that might help to stabilize the asymmetric
conformation of hTRPV6¢en.

MD simulations of genistein binding sites

To further validate genistein binding to sites 1 and 2, we carried out all-
atom MD simulations (Fig. 5, Supplementary Figs. 7-8). Four simula-
tions were performed for site 1 with different initial orientations of the
ligand, which differed by 180° rotations around the long genistein axis
and around the central pore axis. Our simulations showed that the
ligand is stabilized in site 1 by two hydrogen bonds between the
hydroxyl groups of genistein and the carbonyl oxygens of M570 in
subunits A/C (Supplementary Fig. 7b). These interactions orient the
ligand in either one of two symmetrical positions rotated by 180°
around the central pore axis, thus demonstrating an excellent fit to the
non-protein cryo-EM density in site 1 (Fig. 5a). Similar simulations were
repeated with CHS embedded in site 1. CHS showed no specific
interactions with the protein, was much more mobile than genistein,
and intended to escape from site 1. The MD-predicted density for CHS
formed a “band” across the pore, inconsistent with the cryo-EM density
(Supplementary Fig. 8a, c).

MD simulations of a single genistein molecule placed at site 2
starting with the position modeled in the cryo-EM structure (Fig. 4c)
revealed highly dynamic behavior of this molecule, only somewhat
restrained by m-stacking interactions with W583 (not shown). To sta-
bilize the genistein molecule at this cryo-EM-like primary position, we
added another genistein molecule at the secondary position between
the W583 side chains below and perpendicular to the primary position
(Supplementary Fig. 7a). We performed four MD simulations with
different initial orientations of genistein molecules in the primary and
secondary positions at site 2, generated in the same way as in simu-
lations for site 1. The simulations showed that genistein in the primary
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Fig. 4 | Binding sites of genistein and metal ions. a Side view of genistein binding
sites 1 and 2 in the TRPV6¢gy structure, with subunits A and C colored green, B
and D pink, and metal ions (M) shown as blue spheres. Molecules of genistein and
side chains that contribute to genistein or metal ion binding are shown in sticks
and the cryo-EM density for genistein (in stick models) as red mesh. b, ¢ In-
tracellular views of genistein binding sites 1 (b) and 2 (c). d Dose-response curves
for genistein inhibition of Ca* uptake through wild-type (black) and H582A (red),
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H587A (blue) and H582A-H587A (green) mutant TRPV6 channels. Curves
through data points are fitted with the logistic equation, with the mean + SEM
values of ICsg and nyyy;, 113 + 5 uM and 0.77 £ 0.02 for wild-type (n = 3 independent
experiments), 184 + 24 uM and 0.73 + 0.04 for H582A (n =3 independent experi-
ments), 267 +29 uM and 0.67 + 0.03 for H587A (n =3 independent experiments),
and 318 £45uM and 0.71 + 0.06 for H582A-H587A (n =3 independent
experiments).

Fig. 5 | Molecular dynamics simulation of genistein binding to sites 1 and 2.
a, b Extracellular view of genistein at site 1 (a) and intracellular view of genistein at
the primary position in site 2 (b). Gray filling shows the density for genistein heavy
atoms averaged over the MD runs. The experimental cryo-EM protein and non-
protein densities are shown as blue and red mesh, respectively. Protein subunits A/
C (green) and B/D (pink) are shown as cartoon models, with residues forming
hydrogen bonds and m-stacking interactions with genistein shown in sticks and
labeled. The most populated MD states of genistein are illustrated by representa-
tive yellow and orange stick models.

position of site 2 is more mobile than genistein in site 1. However, in
three out of four MD runs, genistein was stabilized in the primary
position of site 2 by mt-stacking interactions with W583 in subunits B/D
or H582 in subunits A/C as well as by one or two hydrogen bonds with
the carbonyl oxygens of the neighboring residues M578 and G579 in
subunits A/C or residue 1575 in subunits B/D (Supplementary Fig. 7c).
Such a diversity of interaction partners did not allow to reveal specific
positions of the ligand in the site. However, the resulting distribution
of the ligand density at the primary position in site 2 averaged over the
MD runs demonstrated excellent agreement with the central non-
protein cryo-EM density (Fig. 5b).

Genistein at the secondary position in site 2 was much more
mobile than the genistein molecule at site 1 or in the primary position
at site 2 (Supplementary Fig. 7d). Nevertheless, the genistein molecule
at the secondary position in site 2 tended to form two to four m-
stacking interactions with W583 in subunits B/D and H582 in subunits
A/C as well as hydrogen bonds with the side chains of D580 in subunits
B/D. In turn, these interactions imposed restraints on the genistein
molecule at the primary position in site 2. The cumulative behavior of
two genistein molecules at site 2 agrees well with the cryo-EM data,
where a group of small non-protein densities between W583 side
chains are likely to represent the ensemble of positions of the weakly
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interacting ligands (Supplementary Fig. 7a). MD simulations with CHS
embedded in the primary position of site 2 in four different initial
orientations revealed that the ligand is stabilized in this site much
better thanin site 1 (Supplementary Fig. 8b, d). Pockets between the S6
helices of neighboring subunits provide enough space for the CHS
molecule, while its acidic group forms polar interactions with K484 or
R589. However, being tightly packed in site 2, the CHS molecule cre-
ated a much more extended density in MD simulations than the

Fig. 6 | Molecular mechanism of TRPV6 inhibition by genistein.

a-c Superposition of the pore region in TRPV6¢,en (orange) and TRPV6¢ey viewed
parallel to the membrane (a, b) or intracellularly (c), with subunits A and C colored
green, B and D pink. Only two of the four subunits are shown in a and b, with the
front and back subunits omitted for clarity. Molecules of genistein (in stick model)
and TRPV6 residues that contribute to the pore narrow constriction or open state-
stabilizing interactions are shown in sticks. Dashed lines indicate interactions
between D489 and T581 as well as Q473 and R589 in the open state. Blue arrows
indicate the movement of domains that accompany closure of the pore upon
genistein binding.

density revealed by cryo-EM (Supplementary Fig. 8b). Accordingly,
while there is a possibility that the experimentally observed non-
protein density in site 2 represents CHS or a similar size small mole-
cule, the probability of this is low.

Discussion

The superposition of hTRPV6gpen and hTRPV6ey structures suggests
a possible mechanism of TRPV6 inhibition by genistein (Fig. 6 and
Supplementary Movie). When binding to the open TRPV6 channel
perpendicularly to the central pore axis, genistein molecules pull one
diagonal pair of subunits (A/C) asymmetrically towards the channel
center. This motion breaks the interactions between D489 in S5 and
T581in S6 as well as Q473 in the S4-S5 linker and R589 in the TRP helix,
which stabilize the energetically unfavorable a-to-mt transition in S6
and the open-pore conformation, respectively®’. The reverse m-to-a
transition in S6 is accompanied by a ~100° rotation of the intracellular
portion of S6, while the stabilizing interactions with genistein mole-
cules allow Sé6 in subunits A and C to stay as long as in the open state
and not become shorter as in the previously published closed-state
structures”*”°°, This in turn causes shortening of the TRP helices in
subunits A and C due to unwinding of their N-terminal portions
(Fig. 6b, c).

Upon genistein binding, the pore-forming domains in subunits B
and D also change their conformations to adapt to changes in subunits
A and C. This adaptation disrupts the D489-T581 and Q473-R589
interactions, reverses the unfavorable a-to-mt transition in S6 but also
causes the split of S6 into two helical segments, S6 and S6-TRP (Fig. 6a,
¢). In turn, the S4-S5 regions which stay in direct contact with the
conformationally altered regions of S6-TRP helix also adapt their
conformation. In subunits A and C, this involves altering the angle
between S4-S5 and S5 and increasing the length of the unfolded
connection between S4 and S4-S5. In contrast, the contiguous helical
region that follows S4 in subunits B and D splits into two distinct helical
segments, S4-S5 and S5 (Fig. 3d and 6). Amazingly, these genistein-
induced conformational changes are localized to the channel intra-
cellular core, do not propagate beyond the S4-S5 and S6-TRP helix
regions, and the rest of the TRPV6 molecule remains essentially the
same (Fig. 3a, b). Currently, it is difficult to assess the relative con-
tribution of sites 1 and 2 to the mechanism of TRPV6 inhibition by
genistein. Given the more stable behavior of genistein at site 1 com-
pared to site 2, where a more mobile genistein molecule at the primary
central position might be accompanied by an even more mobile gen-
istein molecule at the secondary position (Fig. 5, Supplementary
Fig. 7), as well as a relatively weak contribution of metal coordination in
the vicinity of site 2 to inhibition of calcium influx (Fig. 4d), we hypo-
thesize that site 1 represents the main site of genistein action.

So far, 14 unique ligand binding sites have been identified in TRPV
channels®. Genistein binds to the intracellular pore entry site, which
makes it a TRPV6 ion channel blocker. Given the small size of the
TRPV6 selectivity filter compared to the genistein molecule, genistein
likely approaches its sites in the intracellular pore by first crossing
through the membrane. In fact, the relatively low affinity of TRPV6 to
genistein (Fig. 1c, 4d) may be due to a slow crossing of the drug
through the membrane to reach the intracellular side. Given the
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location of site 1 above the channel gate formed by the S6 bundle
crossing and at the bottom of the central cavity, genistein is likely to
reach this site only after the channel undergoes opening. If this is true,
genistein can be considered an open-channel blocker. It does not,
however, interact passively with the ion channel as the majority of
open-channel blockers do. Instead, because of the non-equivalent
positioning of genistein molecules in the pore relative to two pairs of
diagonal subunits (Fig. 4), they cause asymmetric transformation of
the pore (Fig. 3, Supplementary Movie) and its closure (Fig. 2).

What makes genistein a unique ion channel blocker of TRPV6?
Among 14 types of TRPV ligands that were characterized
structurally®®, there are four types of ion channel blockers. TRPV6
can be blocked by trivalent cations, like Gd*, which bind at the
extracellular pore entry site formed by side chains of four D542
residues, each from four individual TRPV6 subunits. At this location,
Gd* binding occludes the pore for conductance but does not change
the conformation of the selectivity filter, which is stabilized by
hydrophobic interactions of the pore helix residues, including phe-
nylalanines F531, F534, and F537, neither does it alter the con-
formation of the rest of TRPV6°*®, RR represents the second type of
ion channel blockers, which bind to the selectivity filter site located
intracellularly with respect to the extracellular pore entry site”.
Binding of RR at this location of the TRPV6 pore does not introduce
significant conformational changes in the selectivity filter either but
causes a conversion of the gate region into the closed-state, pre-
sumably due to electrostatic interactions of the positive charge of RR
and the electric dipole of the S6 helix”.

The other two types of ion channel blockers bind at the pore
intracellular entry site, the region where genistein binds as well. The
physiological blocker calmodulin (CaM) interacts with this site
through a unique cation-mt interaction by inserting the side chain of
lysine K115 into a tetra-tryptophan (W583) cage at the pore’s intracel-
lular entrance’®”. Similarly, (4-phenylcyclohexyl)piperazine deriva-
tives (PCHPDs), selective nanomolar-affinity synthetic inhibitors of
TRPV6 including cis-22a, plug the channel pore at the pore intracellular
entry site, mimicking the action of CaM?. These two types of TRPV6
ion channel blockers induce conformational rearrangements that
transform the open pore into a non-conducting inactivated state, dif-
ferent from the closed and open conformations of TRPV6. In the
inactivated state, the TRPV6 pore becomes hydrophobically sealed by
the 1575 side chains, while the Ti-bulge remains present in the middle of
S6, similar to the open state’*”’. At the same time, one of the open
state-stabilizing interactions breaks (Q473-R589), but the other one
remains intact (D489-T581).

Similar to PCHPDs and CaM, genistein binds at the intracellular
pore entry but causes drastically different structural rearrangements,
accompanied by alterations of the local symmetry and secondary
structure of the S4-S5 and S6-TRP regions (Fig. 3 and Supplementary
Movie). The two likely reasons for such dramatic rearrangements are
(1) flexibility of the pore intracellular region, which has to easily
permit gate opening and closure to maintain TRPV6 constitutive
activity, and (2) the orientation of genistein molecules across the
pore instead of along the pore, as in the case of PCHPDs and CaM.
The latter factor allows genistein to cause more damaging mechan-
istic changes in the structure of TRPV6 pore compared to any other
ion channel blocker studied before. Due to the unprecedented
character of genistein-induced conformational transformation of the
channel, the mechanism of genistein block is also unique amongst all
previously described mechanisms of TRP channel inhibition by var-
ious natural and synthetic antagonists®, including allosteric inhibi-
tion of hTRPV6 by 2-APB or econazole. With the potential to utilize
various well-established chemical synthesis pathways for genistein
and its derivatives®***’, the mechanism of ion channel block
described here opens new avenues for the development of drugs
targeting TRPV6 in pathological conditions.

Methods

Construct

Full-length wild-type human TRPV6 used for cryo-EM was cloned into a
pEG BacMam vector'® with a C-terminal thrombin cleavage site fol-
lowed by a streptavidin affinity tag (WSHPQFEK). For Fura-2 AM mea-
surements, point mutations in wild-type human TRPV6 were
introduced using the standard molecular biology techniques”%.

Expression and purification

hTRPV6 was expressed and purified based on our previously estab-
lished protocols*'*'%, Bacmids and baculoviruses were produced
using standard procedures®®*'°*1°2, Baculovirus was made in Sf9 cells
for ~72 h (Thermo Fisher Scientific, mycoplasma test negative, GIBCO
#12659017) and was added to suspension-adapted HEK 293S cells
lacking N-acetyl-glucosaminyltransferase 1 (GnTI", mycoplasma test
negative, ATCC #CRL-3022) that were maintained at 37°C and 5%
CO, in Freestyle 293 media (Gibco-Life Technologies #12338-018)
supplemented with 2% FBS. Twenty-four hours after transduction,
10 mM sodium butyrate was added to enhance protein expression, and
the temperature was reduced to 30°C. Seventy-two hours after
transduction, cells were harvested by centrifugation at 5471 x g for
15 min using a Sorvall Evolution RC centrifuge (Thermo Fisher Scien-
tific), washed in phosphate-buffered saline pH 8.0, and pelleted by
centrifugation at 3202 x g for 10 min using an Eppendorf 5810 cen-
trifuge. The cell pellet was solubilized under constant stirring for 2 h at
4°C in ice-cold lysis buffer containing 1% (w/v) n-dodecyl 3-D-malto-
side, 0.1% (w/v) CHS, 20 mM Tris-HCI pH 8.0, 150 mM NacCl, 0.8 pM
aprotinin, 4.3pM leupeptin, 2puM pepstatin A, 1mM phe-
nylmethylsulfonyl fluoride, and 1 mM B-mercaptoethanol (BME). The
non-solubilized material was pelleted in the Eppendorf 5810 centrifuge
at 3202 x g and 4 °C for 10 min. The supernatant was subjected to
ultracentrifugation in a Beckman Coulter ultracentrifuge using a
Beckman Coulter Type 45Ti rotor at 186,000 x g and 4 °C for 1h to
further clean up the solubilized protein. The supernatant was added to
5 ml of strep resin and rotated for 1 h at 4 °C. The resin was washed with
10 column volumes of wash buffer containing 20 mM Tris-HCI pH 8.0,
150 mM NaCl, 1 mM BME, 0.01% (w/v) GDN, and 0.001% (w/v) CHS, and
the protein was eluted with the same buffer supplemented with
2.5 mM d-Desthiobiotin. The eluted protein was concentrated using a
100 kDa NMWL centrifugal filter (MilliporeSigma Amicon) to 0.5 ml
and then centrifuged in a Sorvall MTX 150 Micro-Ultracentrifuge
(Thermo Fisher Scientific) using an SI00AT4 rotor for 30 min at
66,000 x g and 4 °C before being injected into a size-exclusion chro-
matography (SEC) column. hTRPV6 was further purified using a
Superose™ 6 10/300 GL SEC column attached to an AKTA FPLC (GE
Healthcare) and equilibrated in 150 mM NacCl, 20 mM Tris-HCI pH 8.0,
1mM BME, 0.01% GDN, and 0.001% CHS. The tetrameric peak fractions
were pooled and concentrated using 100 kDa NMWL centrifugal filter
to 3.36 mg/ml. Genistein (2mM) was added to hTRPV6 and the
resulting sample was incubated at room temperature for 120 min
before grid freezing.

Cryo-EM sample preparation and data collection

UltrAuFoil R 1.2/1.3, Au 300 grids were used for plunge-freezing. Prior
to sample application, grids were plasma treated in a PELCO easiGlow
glow discharge cleaning system (0.39 mBar, 15 mA, “glow” 25's, “hold”
10s). A Mark IV Vitrobot (Thermo Fisher Scientific) set to 100%
humidity at 4 °C was used to plunge-freeze the grids in liquid ethane
after applying 3 ul of protein sample to their gold-coated side using a
blot time of 5's, a blot force of 5, and a wait time of 15 s. The grids were
stored in liquid nitrogen before imaging.

Images of frozen-hydrated particles of hTRPV6 in the presence of
genistein were collected using Leginon'*'%” software on a Titan Krios
transmission electron microscope (Thermo Fisher Scientific) operat-
ing at 300 kV and equipped with a post-column GIF Quantum energy
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filter and a Gatan K3 Summit direct electron detection camera (Gatan,
Pleasanton, CA, USA). 3630 micrographs were collected in counting
mode with a raw image pixel size of 0.83 A across the defocus range of
-0.8 to —2.0 um. The total dose of ~60 e"A was attained by using the
dose rate of -16epixel™s™? across 50 frames during the 2.5-s
exposure time.

Image processing and 3D reconstruction

Data were processed in RELION'® and cryoSPARC'”. Movie frames
were aligned using the RELION’s implementation of a MotionCor2"°-
like algorithm. Contrast transfer function (CTF) estimation was per-
formed on non-dose-weighted micrographs using the patch CTF esti-
mation in cryoSPARC. Subsequent data processing was done on dose-
weighted micrographs. Following CTF estimation, micrographs were
manually inspected and those with outliers in defocus values, ice
thickness, and astigmatism as well as micrographs with lower pre-
dicted CTF-correlated resolution (higher than 5 A) were excluded from
further processing (individually assessed for each parameter relative
to the overall distribution). After several rounds of selection through
2D classification, particles were further 3D classified (heterogeneous
refinement) into four classes. Particles representing the best class were
re-extracted without binning (256-pixel box size) and further 3D
classified.

The final sets of particles for hTRPV6eny and hTRPV6gpen repre-
senting the best classes were subjected to homogeneous refinement.
The reported resolutions of 2.66A and 2.71A for hTRPV6gen and
hTRPV6¢pen, respectively, were estimated using the gold standard
Fourier shell correlation (GSFSC) (Supplementary Figs. 2-3). The local
resolution was calculated with the resolution range estimated using
the FSC=0.143 criterion. Cryo-EM density visualization was done in
UCSF Chimera™ and UCSF ChimeraX'?.

Model building

Models of hTRPV6¢gy and hTRPV6open Were built in Coot'™”, using the
previously published cryo-EM structure of TRPV6 in the open state
(PDB ID: 7S89)” as a guide. The models were tested for overfitting by
shifting their coordinates by 0.5A (using Shake) in Phenix, refining
the shaken models against the corresponding unfiltered half maps, and
generating densities from the resulting models in UCSF Chimera.
Structures were visualized and figures were prepared in UCSF Chi-
mera, UCSF ChimeraX, and Pymol'>. The pore radius was calculated
using HOLE™®.

Fura-2 AM measurements

Full-length wild-type or mutant human TRPV6 was expressed in HEK
293S cells as described above. 48 h after transduction, the cells were
harvested by centrifugation at 550 x g for 5 min, resuspended in pre-
warmed HEPES-buffered saline (HBS: 118 mM NaCl, 4.8 mM KCI, 1 mM
MgCl,, 5 mM D-glucose, 10 mM HEPES pH 7.4) containing 5 pg/ml of
Fura-2 AM (Life Technologies) and incubated at 37 °C for 45 min. The
loaded cells were then centrifuged for 5min at 550 x g, resuspended
again in prewarmed HBS, and incubated at 37 °C for 30 min in the dark.
The cells were subsequently pelleted and washed twice, then resus-
pended in HBS. The cells were kept on ice in the dark for a maximum of
~2 h before fluorescence measurements, which were conducted using
a spectrofluorometer QuantaMaster 40 (Photon Technology Interna-
tional) at room temperature in a quartz cuvette under constant stir-
ring. Intracellular Ca®** was measured by taking the ratio of
fluorescence measurements at two excitation wavelengths (340 and
380nm) and one emission wavelength (510 nm). The excitation
wavelength was switched at 200-ms intervals.

Electrophysiology
DNA encoding wild-type human TRPV6 was introduced into a plasmid
for expression in eukaryotic cells that was engineered to produce GFP

via a downstream internal ribosome entry site'”. HEK 293S cells (ATCC
#CRL-1573) grown on glass coverslips in 35-mm dishes were transiently
transfected with 1-5pg of plasmid DNA using Lipofectamine 2000
Reagent (Life Technologies). Recordings were made 24 h after trans-
fection at room temperature. Currents from whole cells, typically held
at a 0-mV potential, were recorded using an Axopatch 200B amplifier
(MolecularDevices, LLC), filtered at 5 kHz, and digitized at 10 kHz using
low-noise data acquisition system Digidata 1440 A and pCLAMP soft-
ware (Molecular Devices, LLC). The external solution contained (in
mM): 142 LiCl, 10 HEPES, and 10 glucose, pH 7.4. To evoke monovalent
currents, 0.1-0.5mM EGTA was added to the external solution. The
internal solution contained (in mM): 100 CsAsp, 20 CsF, 10 EGTA, 3
MgCl,, 4 NaATP, and 20 HEPES pH 7.2, an additional 1 mM ATP was
added immediately before the experiment. We used the LiCl-based
extracellular solution, because, in this solution, removal of extra-
cellular Mg?* and Ca* does not induce endogenous currents in non-
transfected cells, unlike in Na* or K" based solutions™®. TRPV6 currents
were recorded in response to 400-ms voltage ramps from —-100 mV to
+70 mV applied every 5-10s. Genistein was added directly to the
aqueous buffer solutions for measurements in HEK cells. At con-
centrations higher than 50 puM, genistein displayed aggregation
behavior and tended to clog our application system. For this reason, all
experiments were carried out at genistein concentrations lower than
50 pM. Data analysis was performed using the computer program
Origin 9.1.0 (OriginLab Corp.).

MD simulations

The model of TRPV6¢Ey (residues 27-638) was inserted into a hydrated
lipid bilayer with the molecular composition of 50% palmitoyloleoyl-
phosphatidylcholine (POPC), 25% palmitoyloleoylpho-
sphatidylethanolamine (POPE), and 25% cholesterol (about 900 lipids
in total). Ca®* ion was embedded into the selectivity filter region
(between the side chains of residues D542) and two Zn*" ions into the
metal binding sites like in the structural model. Na" and CI” ions were
added to ensure zero net charge of the system at 0.15M ionic con-
centration. Twelve replicas of the system were constructed: four
replicas with a differently oriented genistein in site 1, four replicas with
two differently orientated genistein molecules at the primary and
secondary positions in site 2, and four replicas with two differently
orientated CHS molecules in sites 1 and 2 (see the text and Supple-
mentary Table 2 for details).

To stabilize the protein structure in the vicinity of the binding
sites, intersubunit constraints were applied to the distances between
C, atoms of the lower parts of the S6 helices. The distances were
constrained between each residue in the region 563-578 (536-586 for
the systems with genistein molecules in the primary and secondary
positions in site 2) of all four subunits with the force constant of 10 kJ/
(mol x A%). During MD simulations, such a network of constraints
provides the necessary flexibility for protein adaptation to the ligand
but retains the binding site structure close to the cryo-EM model.

First, the simulated systems were equilibrated in several stages:
5x10° steps of steepest descent minimization followed by heating
from 5to 310 K during a 100 ps MD run, then 10 ns of MD run with fixed
positions of the protein and genistein/CHS heavy atoms, 10 ns of MD
with fixed positions of the protein backbone and genistein/CHS heavy
atoms, 20 ns of MD with fixed positions of the protein Co. atoms to
permit membrane and genistein/CHS relaxation after insertion. Finally,
200 ns MD-production runs were carried out.

MD simulations were carried out using GROMACS 20214
package™’, CHARMM36 force field?°"'%, and the TIP3P water model'*.
Simulations were performed with an integration time of 2fs, con-
strained hydrogen-containing bond lengths by the LINCS algorithm'”,
imposed 3D periodic boundary conditions, at constant temperature
(310K) and pressure (1bar). A cutoff distance of 12A was used to
evaluate nonbonded interactions and the particle-mesh Ewald
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method” was employed to treat long-range electrostatics. The
CHARMMB36 topology for genistein was taken from Burendahl et al.”>*.

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

Data availability

All data needed to evaluate the conclusions of the paper are present in
the paper or the Supplementary Information. The cryo-EM density
map of hTRPV6 in the open state and in complex with genistein were
deposited to the Electron Microscopy Data Bank (EMDB) under the
accession codes EMD-29343 (hTRPV6gen) and EMD-29344
(hTRPV60pen). The atomic coordinates have been deposited to the
Protein Data Bank (PDB) under the accession codes 8FOA [https://doi.
0rg/10.2210/pdb8FOA/pdb] (hTRPV6¢en) and 8FOB [https://doi.org/
10.2210/pdb8FOB/pdb]  (hTRPV6q,en) (see also  Supplementary
Table 1). The coordinates of the protein and ligands obtained in MD
simulations are available as supplementary pdb files with the step of
20 ns (including the initial configuration at ¢ = 0, see also Supplemen-
tary Table 2). All other data are available from the corresponding
author upon request. Source data are provided with this paper.

References

1. Fecher-Trost, C., Weissgerber, P. & Wissenbach, U. TRPV6 chan-
nels. Handb Exp Pharmacol. 222, 359-384 (2014).

2. Khattar, V., Wang, L. & Peng, J.-B. Calcium selective channel
TRPVE: structure, function, and implications in health and disease.
Gene 817, 146192 (2022).

3. Yelshanskaya, M. V., Nadezhdin, K. D., Kurnikova, M. G. & Sobo-
levsky, A. I. Structure and function of the calcium-selective TRP
channel TRPV6. J. Physiol. 599, 2673-2697 (2021).

4, Nett, V., Erhardt, N., Wyatt, A. & Wissenbach, U. Human TRPV6-
pathies caused by gene mutations. Biochim. Biophys. Acta Gen.
Subj. 1865, 129873 (2021).

5. Wissenbach, U. et al. Expression of CaT-like, a novel calcium-
selective channel, correlates with the malignancy of prostate
cancer. J. Biol. Chem. 276, 19461-19468 (2001).

6. Zhuang, L. et al. Calcium-selective ion channel, CaT], is apically
localized in gastrointestinal tract epithelia and is aberrantly expres-
sed in human malignancies. Lab. Invest. 82, 1755-1764 (2002).

7. Fixemer, T., Wissenbach, U., Flockerzi, V. & Bonkhoff, H. Expres-
sion of the Ca*"-selective cation channel TRPV6 in human prostate
cancer: a novel prognostic marker for tumor progression. Onco-
gene 22, 7858-7861 (2003).

8. Bolanz, K. A., Hediger, M. A. & Landowski, C. P. The role of TRPV6 in
breast carcinogenesis. Mol. Cancer Ther. 7, 271-279 (2008).

9. Wangemann, P. et al. Loss of cochlear HCO3™ secretion causes
deafness via endolymphatic acidification and inhibition of Ca**
reabsorption in a Pendred syndrome mouse model. Am. J. Physiol.
Renal Physiol. 292, F1345-F1353 (2007).

10. Huybers, S. et al. Murine TNF AARE Crohn'’s disease model dis-
plays diminished expression of intestinal Ca?* transporters.
Inflamm. Bowel Dis. 14, 803-811 (2008).

1. Wu, G. et al. Suppression of intestinal calcium entry channel
TRPV6 by OCRL, a lipid phosphatase associated with Lowe syn-
drome and Dent disease. Am. J. Physiol. Cell Physiol. 302,
C1479-C1491 (2012).

12.  Yang, S. S. et al. Generation and analysis of the thiazide-sensitive
Na*-Cl” cotransporter (Ncc/Slc12a3) Ser707X knockin mouse as a
model of Gitelman syndrome. Hum. Mutat. 31, 1304-1315 (2010).

13.  Frick, K. K. et al. Increased biological response to 1,25(0OH),Ds3 in
genetic hypercalciuric stone-forming rats. Am. J. Physiol. Renal
Physiol. 304, F718-F726 (2013).

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Haché, S. et al. Alteration of calcium homeostasis in primary
preeclamptic syncytiotrophoblasts: effect on calcium exchange
in placenta. J. Cell Mol. Med. 15, 654-667 (2011).

Suzuki, Y. et al. TRPV6 variants interfere with maternal-fetal
calcium transport through the placenta and cause transient
neonatal hyperparathyroidism. Am. J. Hum. Genet. 102,
1104-1114 (2018).

Burren, C. P. et al. TRPV6 compound heterozygous variants result
in impaired placental calcium transport and severe under-
mineralization and dysplasia of the fetal skeleton. Am. J. Med.
Genet. A 176, 1950-1955 (2018).

Masamune, A. et al. Variants that affect function of calcium
channel TRPV6 are associated with early-onset chronic pancrea-
titis. Gastroenterology 158, 1626-1641 (2020).

Suzuki, Y. et al. Novel TRPV6 mutations in the spectrum of tran-
sient neonatal hyperparathyroidism. J. Physiological. Sci. 70,

33 (2020).

Yamashita, S., Mizumoto, H., Sawada, H., Suzuki, Y. & Hata, D.
TRPV6 gene mutation in a dizygous twin with transient neonatal
hyperparathyroidism. J. Endocr. Soc. 3, 602-606 (2019).

Zou, W. B. et al. TRPV6 variants confer susceptibility to chronic
pancreatitis in the Chinese population. Hum. Mutat. 41,
1351-1357 (2020).

Stewart, J. M. TRPV6 as a target for cancer therapy. J. Cancer 11,
374 (2020).

Lutes, T. et al. Molecular profiling of hormone-resistant prostate
cancer cells with TRPV6 oncochannel knockout/knockdown.
Cancer Res. 78, 2891-2891 (2018).

Rice, C. et al. The central role of NFAT signalling in the mechanism
of action of the TRPV6 oncochannel inhibitor and clinical candi-
date SOR-C13. Cancer Res. 78, 1936-1936 (2018).

Peng, J.-B. et al. CaT1 expression correlates with tumor grade in
prostate cancer. Biochem. Biophys. Res. Commun. 282,

729-734 (2001).

Francis-Lyon, P. A. et al. TRPV6 as a putative genomic suscept-
ibility locus influencing racial disparities in cancer. Cancer Prev.
Res. 13, 423-428 (2020).

Bhardwaj, R. et al. Inactivation-mimicking block of the epithelial
calcium channel TRPV6. Sci. Adv. 6, eabe1508 (2020).
Neuberger, A., Nadezhdin, K. D. & Sobolevsky, A. I. Structural
mechanisms of TRPV6 inhibition by ruthenium red and econazole.
Nat. Commun. 12, 6284 (2021).

Yelshanskaya, M. V. & Sobolevsky, A. I. Ligand-binding sites in
vanilloid-subtype TRP channels. Front. Pharmacol. 13,

900623 (2022).

Bhattaram, V. A., Graefe, U., Kohlert, C., Veit, M. & Derendorf, H.
Pharmacokinetics and bioavailability of herbal medicinal pro-
ducts. Phytomedicine 9, 1-33 (2002).

Nilius, B. et al. Pharmacological modulation of monovalent cation
currents through the epithelial Ca?* channel ECaC1. Br. J. Phar-
macol. 134, 453-462 (2001).

Dixon, R. A. & Ferreira, D. Genistein. Phytochemistry 60,

205-211 (2002).

Banerjee, S., Li, Y., Wang, Z. & Sarkar, F. H. Multi-targeted therapy
of cancer by genistein. Cancer Lett. 269, 226-242 (2008).
Bhagwat, S., Haytowitz, D. B. & Holden, J. M. USDA database for
the isoflavone content of selected foods, release 2.0. Maryland:
US Department of Agriculture 15 (2008).

Liggins, J. et al. Daidzein and genistein contents of vegetables. Br.
J. Nutr. 84, 717-725 (2000).

Pintova, S. et al. Genistein combined with FOLFOX or
FOLFOX-bevacizumab for the treatment of metastatic colorectal
cancer: Phase I/Il pilot study. Cancer Chemother. Pharmacol. 84,
591-598 (2019).

Nature Communications | (2023)14:2659

10


https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-29343
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-29344
https://doi.org/10.2210/pdb8FOA/pdb
https://doi.org/10.2210/pdb8FOA/pdb
https://doi.org/10.2210/pdb8FOB/pdb
https://doi.org/10.2210/pdb8FOB/pdb

Article

https://doi.org/10.1038/s41467-023-38352-5

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Pavese, J. M., Farmer, R. L. & Bergan, R. C. Inhibition of cancer cell
invasion and metastasis by genistein. Cancer Metastasis Rev. 29,
465-482 (2010).

Huang, X. et al. Genistein inhibits p38 map kinase activation,
matrix metalloproteinase type 2, and cell invasion in human
prostate epithelial cells. Cancer Res. 65, 3470-3478 (2005).
Lakshman, M. et al. Dietary genistein inhibits metastasis of human
prostate cancer in mice. Cancer Res. 68, 2024-2032 (2008).

Xu, L. & Bergan, R. C. Genistein inhibits matrix metalloproteinase
type 2 activation and prostate cancer cell invasion by blocking the
transforming growth factor 3-mediated activation of mitogen-
activated protein kinase-activated protein kinase 2-27-kDa heat
shock protein pathway. Mol. Pharmacol. 70, 869-877 (2006).

Xu, L. et al. MEK4 function, genistein treatment, and invasion of
human prostate cancer cells. J. Natl. Cancer Inst. 101,

1141-1155 (2009).

Scholar, E. M. & Toews, M. L. Inhbition of invasion of murine
mammiary carcinoma cells by the tyrosine kinase inhibitor genis-
tein. Cancer Lett. 87, 159-162 (1994).

Li, Y. & Sarkar, F. H. Down-regulation of invasion and angiogenesis-
related genes identified by cDNA microarray analysis of PC3
prostate cancer cells treated with genistein. Cancer Lett. 186,
157-164 (2002).

Nakamura, A. et al. Genistein inhibits cell invasion and motility by
inducing cell differentiation in murine osteosarcoma cell line LM8.
BMC Cell Biol. 13, 24 (2012).

Fritz, W. A., Coward, L., Wang, J. & Lamartiniere, C. A. Dietary
genistein: perinatal mammary cancer prevention, bioavailability
and toxicity testing in the rat. Carcinogenesis 19, 2151-2158 (1998).
Lamartiniere, C. A. Protection against breast cancer with genis-
tein: a component of soy. Am. J. Clin. Nutr. 71, 17055-1707S
(2000).

Yanagihara, K., Ito, A., Toge, T. & Numoto, M. Antiproliferative
effects of isoflavones on human cancer cell lines established from
the gastrointestinal tract. Cancer Res. 53, 5815-5821 (1993).

Lee, H. et al. Dietary effects on breast-cancer risk in Singapore.
Lancet 337, 1197-1200 (1991).

Uckun, F. et al. Biotherapy of B-cell precursor leukemia by tar-
geting genistein to CD19-associated tyrosine kinases. Science
267, 886-891 (1995).

Harper, C. E. et al. Genistein and resveratrol, alone and in com-
bination, suppress prostate cancer in SV-40 tag rats. Prostate 69,
1668-1682 (2009).

Shafiee, G., Saidijam, M., Tayebinia, H. & Khodadadli, |. Beneficial
effects of genistein in suppression of proliferation, inhibition of
metastasis, and induction of apoptosis in PC3 prostate cancer
cells. Arch. Physiol. Biochem. 128, 694-702 (2022).

Imai-Sumida, M. et al. Genistein represses HOTAIR/chromatin
remodeling pathways to suppress kidney cancer. Cell Physiol.
Biochem. 54, 53 (2020).

Davis, J. N., Kucuk, O. & Sarkar, F. H. Genistein inhibits NF-kB
activation in prostate cancer cells. Nutr. Cancer 35,

167-174 (1999).

Sarkar, F. H. & Li, Y. Mechanisms of cancer chemoprevention by
soy isoflavone genistein. Cancer Metastasis Rev. 21,

265-280 (2002).

Lamartiniere, C. A., Moore, J., Holland, M. & Barnes, S. Neonatal
genistein chemoprevents mammary cancer. Proc. Soc. Exp. Biol.
Med. 208, 120-123 (1995).

Gossner, G. et al. Genistein-induced apoptosis and autophago-
cytosis in ovarian cancer cells. Gynecol. Oncol. 105, 23-30 (2007).
Pagliacci, M. et al. Growth-inhibitory effects of the natural phyto-
oestrogen genistein in MCF-7 human breast cancer cells. Eur. J.
Cancer 30, 1675-1682 (1994).

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

Lamartiniere, C. A. et al. Genistein suppresses mammary cancer in
rats. Carcinogenesis 16, 2833-2840 (1995).

Li, Y. & Sarkar, F. H. Gene expression profiles of genistein-treated
PC3 prostate cancer cells. J. Nutr. 132, 3623-3631 (2002).
Cappelletti, V., Fioravanti, L., Miodini, P. & Di Fronzo, G. Genistein
blocks breast cancer cells in the G2M phase of the cell cycle. J.
Cell. Biochem. 79, 594-600 (2000).

Chen, W.-F., Huang, M.-H., Tzang, C.-H., Yang, M. & Wong, M.-S.
Inhibitory actions of genistein in human breast cancer (MCF-7)
cells. Biochim. Biophys. Acta (BBA) 1638, 187-196 (2003).

Lee, J.-Y., Kim, H. S. & Song, Y.-S. Genistein as a potential antic-
ancer agent against ovarian cancer. J. Tradit. Complement. Med. 2,
96-104 (2012).

Lian, F., Li, Y., Bhuiyan, M. & Sarkar, F. H. p53-independent apop-
tosis induced by genistein in lung cancer cells. Nutr. Cancer 33,
125-131 (1999).

Ma, J. et al. Genistein down-regulates miR-223 expression in
pancreatic cancer cells. Curr. Drug Targets 14, 1150-1156 (2013).
Murrill, W. B. et al. Prepubertal genistein exposure suppresses
mammary cancer and enhances gland differentiation in rats.
Carcinogenesis 17, 1451-1458 (1996).

Yu, Z., Li, W. & Liu, F. Inhibition of proliferation and induction of
apoptosis by genistein in colon cancer HT-29 cells. Cancer Lett.
215, 159-166 (2004).

Gong, L., Li, Y., Nedeljkovic-Kurepa, A. & Sarkar, F. H. Inactivation
of NF-kB by genistein is mediated via Akt signaling pathway in
breast cancer cells. Oncogene 22, 4702-4709 (2003).

Wang, J., Eltoum, I.-E. & Lamartiniere, C. A. Dietary genistein
suppresses chemically induced prostate cancer in Lobund-Wistar
rats. Cancer Lett. 186, 11-18 (2002).

Merz-Demlow, B. E. et al. Soy isoflavones improve plasma lipids in
normocholesterolemic, premenopausal women. Am. J. Clin. Nutr.
71, 1462-1469 (2000).

Peluso, M. R., Winters, T. A., Shanahan, M. F. & Banz, W. J. A
cooperative interaction between soy protein and its isoflavone-
enriched fraction lowers hepatic lipids in male obese Zucker rats
and reduces blood platelet sensitivity in male Sprague-Dawley
rats. J. Nutr. 130, 2333-2342 (2000).

Hwang, J., Hodis, H. N. & Sevanian, A. Soy and alfalfa phytoes-
trogen extracts become potent low-density lipoprotein anti-
oxidants in the presence of acerola cherry extract. J. Agric. Food
Chem. 49, 308-314 (2001).

File, S. E. et al. Eating soya improves human memory. Psycho-
pharmacology 157, 430-436 (2001).

Alekel, D. L. et al. Isoflavone-rich soy protein isolate attenuates
bone loss in the lumbar spine of perimenopausal women. Am. J.
Clin. Nutr. 72, 844-852 (2000).

Phetnoo, N., Werawatganon, D. & Siriviriyakul, P. Genistein could
have a therapeutic potential for gastrointestinal diseases. Thai J.
Gastroenterol. 14, 120-125 (2013).

Marini, H. et al. Effects of the phytoestrogen genistein on bone
metabolism in osteopenic postmenopausal women: a randomized
trial. Ann. Intern. Med. 146, 839-847 (2007).

Li, B. & Yu, S. Genistein prevents bone resorption diseases by
inhibiting bone resorption and stimulating bone formation. Biol.
Pharm. Bull. 26, 780-786 (2003).

Lu, R., Zheng, Z., Yin, Y. & Jiang, Z. Genistein prevents bone loss in
type 2 diabetic rats induced by streptozotocin. Food Nutr. Res. 64,
3666 (2020).

Albertazzi, P. Purified phytoestrogens in postmenopausal bone
health: is there a role for genistein? Climacteric 5, 190-196 (2002).
Pavese, J. M., Krishna, S. N. & Bergan, R. C. Genistein inhibits
human prostate cancer cell detachment, invasion, and metastasis.
Am. J. Clin. Nutr. 100, 4315-436S (2014).

Nature Communications | (2023)14:2659



Article

https://doi.org/10.1038/s41467-023-38352-5

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Squadrito, F. et al. Genistein in the metabolic syndrome: results of
a randomized clinical trial. J. Clin. Endocrinol. Metab. 98,
3366-3374 (2013).

Peng, J.-B. et al. Molecular cloning and characterization of a
channel-like transporter mediating intestinal calcium absorption.
J. Biol. Chem. 274, 22739-22746 (1999).

Zakharian, E., Cao, C. & Rohacs, T. Intracellular ATP supports
TRPV6 activity via lipid kinases and the generation of Ptdins(4,5)P,.
FASEB J. 25, 3915-3928 (2011).

den Dekker, E., Hoenderop, J. G., Nilius, B. & Bindels, R. J. The
epithelial calcium channels, TRPV5 & TRPV6: from identification
towards regulation. Cell Calcium 33, 497-507 (2003).

Voets, T., Janssens, A., Prenen, J., Droogmans, G. & Nilius, B. Mg?-
dependent gating and strong inward rectification of the cation
channel TRPV6. J. Gen. Physiol. 121, 245-260 (2003).

Semenova, S. B., Vassilieva, I. O., Fomina, A. F., Runov, A. L. &
Negulyaev, Y. A. Endogenous expression of TRPV5 and TRPV6
calcium channels in human leukemia K562 cells. Am. J. Physiol.
Cell Physiol. 296, C1098-C1104 (2009).

Bodding, M., Wissenbach, U. & Flockerzi, V. The recombinant
human TRPV6 channel functions as Ca?* sensor in human
embryonic kidney and rat basophilic leukemia cells. J. Biol. Chem.
277, 36656-36664 (2002).

Saotome, K., Singh, A. K., Yelshanskaya, M. V. & Sobolevsky, A. I.
Crystal structure of the epithelial calcium channel TRPV6. Nature
534, 506-511 (2016).

McGoldrick, L. L. et al. Opening of the human epithelial calcium
channel TRPV6. Nature 553, 233-237 (2018).

Long, S. B., Tao, X., Campbell, E. B. & MacKinnon, R. Atomic
structure of a voltage-dependent K* channel in a lipid membrane-
like environment. Nature 450, 376-382 (2007).

Singh, A. K., Saotome, K. & Sobolevsky, A. I. Swapping of trans-
membrane domains in the epithelial calcium channel TRPV6. Sci.
Rep. 7, 10669 (2017).

Singh, A. K., Saotome, K., McGoldrick, L. L. & Sobolevsky, A. I.
Structural bases of TRP channel TRPV6 allosteric modulation by
2-APB. Nat. Commun. 9, 2465 (2018).

Brodersen, D., Nyborg, J. & Kjeldgaard, M. Zinc-binding site of an
S100 protein revealed. Two crystal structures of Ca*-bound
human psoriasin (S100A7) in the Zn*-loaded and Zn*-free states.
Biochemistry 38, 1695-1704 (1999).

Bebrone, C. et al. The structure of the dizinc subclass B2 metallo-
-lactamase CphA reveals that the second inhibitory zinc ion
binds in the histidine site. Antimicrob. Agents Chemother. 53,
4464-4471 (2009).

Zhang, J., Yang, W., Piquemal, J.-P. & Ren, P. Modeling structural
coordination and ligand binding in zinc proteins with a polarizable
potential. J. Chem. Theory Comput. 8, 1314-1324 (2012).
Hashemian, S. Interaction energies of histidine with cations (H’, Li*,
Na*, K*, Mg%, Ca?). Russ. J. Inorg. Chem. 56, 397-401 (2011).
Wang, P., Ohanessian, G. & Wesdemiotis, C. The sodium ion affi-
nities of asparagine, glutamine, histidine and arginine. Int. J. Mass
Spectrom. 269, 34-45 (2008).

Liao, S.-M., Du, Q.-S., Meng, J.-Z., Pang, Z.-W. & Huang, R.-B. The
multiple roles of histidine in protein interactions. Chemistry Cen-
tral J. 7, 44 (2013).

Singh, A. K., McGoldrick, L. L., Twomey, E. C. & Sobolevsky, A. I.
Mechanism of calmodulin inactivation of the calcium-selective
TRP channel TRPV6. Sc. Adv. 4, eaau6088 (2018).

Walter, E. Genistin (an isoflavone glucoside) and its aglucone,
genistein, from soybeans. J. Am. Chem. Soc. 63, 3273-3276 (1941).
Denis, J. D. S., Gordon, J. S. IV, Carroll, V. M. & Priefer, R. Novel
synthesis of the isoflavone genistein. Synthesis 2010,

1590-1592 (2010).

100.

101.

102.

1083.

104.

105.

106.

107.

108.

109.

10.

.

12.

13.

14.

115.

116.

1n7.

18.

19.

120.

121.

122.

Goehring, A. et al. Screening and large-scale expression of
membrane proteins in mammalian cells for structural studies. Nat.
Protoc. 9, 2574 (2014).

Lu, Q. Seamless cloning and gene fusion. Trends Biotechnol. 23,
199-207 (2005).

Neuberger, A., Nadezhdin, K. D. & Sobolevsky, A. I. In: Methods in
enzymology Vol. 652, 31-48 (Elsevier, 2021).

Neuberger, A., Nadezhdin, K. D. & Sobolevsky, A. I. Structural
mechanism of TRPV3 channel inhibition by the anesthetic dyclo-
nine. Nat. Commun. 13, 2795 (2022).

Neuberger, A., Nadezhdin, K. D., Zakharian, E. & Sobolevsky, A. I.
Structural mechanism of TRPV3 channel inhibition by the plant-
derived coumarin osthole. EMBO reports 22, 53233 (2021).
Cheng, A. et al. Leginon: New features and applications. Protein
Sci. 30, 136-150 (2021).

Suloway, C. et al. Automated molecular microscopy: the new
Leginon system. J. Struct. Biol. 151, 41-60 (2005).

Carragher, B. et al. Leginon: an automated system for acquisition
of images from vitreous ice specimens. J. Struct. Biol. 132,
33-45 (2000).

Scheres, S. H. RELION: implementation of a Bayesian approach to
cryo-EM structure determination. J. Struct. Biol. 180, 519-530 (2012).
Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoS-
PARC: algorithms for rapid unsupervised cryo-EM structure
determination. Nat. Methods 14, 290 (2017).

Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-
induced motion for improved cryo-electron microscopy. Nat.
Methods 14, 331-332 (2017).

Pettersen, E. F. et al. UCSF Chimera-a visualization system for
exploratory research and analysis. J. Comput. Chem. 25,
1605-1612 (2004).

Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for
researchers, educators, and developers. Protein Sci. 30,

70-82 (2021).

Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66,
486-501 (2010).

Afonine, P. V. et al. Towards automated crystallographic structure
refinement with phenix.refine. Acta Crystallogr. D 68,

352-367 (2012).

DelLano, W. L. Pymol: an open-source molecular graphics tool.
CCP4 Newsletter on protein crystallography 40, 82-92 (2002).
Smart, O. S., Neduvelil, J. G., Wang, X., Wallace, B. & Sansom, M. S.
HOLE: a program for the analysis of the pore dimensions of ion
channel structural models. J. Mol. Graph. 14, 354-360 (1996).
Yelshanskaya, M. V., Li, M. & Sobolevsky, A. |. Structure of an
agonist-bound ionotropic glutamate receptor. Science 345,
1070-1074 (2014).

Hughes, T. E. et al. Structural basis of TRPV5 channel inhibition by
econazole revealed by cryo-EM. Nat. Struct. Mol. Biol. 25,

53-60 (2018).

Abraham, M. J. et al. GROMACS: high performance molecular
simulations through multi-level parallelism from laptops to
supercomputers. SoftwareX 1, 19-25 (2015).

Huang, J. & MacKerell, A. D. Jr. CHARMMS36 all-atom additive
protein force field: validation based on comparison to NMR data. J.
Comput. Chem. 34, 2135-2145 (2013).

Best, R. B. et al. Optimization of the additive CHARMM all-atom
protein force field targeting improved sampling of the backbone
¢, w and side-chain y1 and x2 dihedral angles. J. Chem. Theory
Comput. 8, 3257-3273 (2012).

Klauda, J. B. et al. Update of the CHARMM all-atom additive force
field for lipids: validation on six lipid types. J. Phys. Chem. B 114,
7830-7843 (2010).

Nature Communications | (2023)14:2659

12



Article

https://doi.org/10.1038/s41467-023-38352-5

123. MacKerell, A. D. Jr., Feig, M. & Brooks, C. L. Improved treatment of

the protein backbone in empirical force fields. J. Am. Chem. Soc.

126, 698-699 (2004).

MacKerell, A. D. Jr. et al. All-atom empirical potential for molecular

modeling and dynamics studies of proteins. J. Phys. Chem. B102,

3586-3616 (1998).

125. Klauda, J. B., Monje, V., Kim, T. & Im, W. Improving the CHARMM

force field for polyunsaturated fatty acid chains. J. Phys. Chem.

116, 9424-9431 (2012).

Jorgensen, W. L. & Tirado-Rives, J. Potential energy functions

for atomic-level simulations of water and organic and bio-

molecular systems. Proc. Natl. Acad. Sci. 102, 6665-6670

(2005).

127. Hess, B., Bekker, H., Berendsen, H. J. & Fraaije, J. G. LINCS: a linear
constraint solver for molecular simulations. J. Comput. Chem. 18,
1463-1472 (1997).

124.

126.

128. Darden, T., York, D. & Pedersen, L. Particle mesh Ewald: An N- log
(N) method for Ewald sums in large systems. J. Chem. Phys. 98,
10089-10092 (1993).

129. Burendahl, S., Danciulescu, C. & Nilsson, L. Ligand unbinding from
the estrogen receptor: a computational study of pathways and
ligand specificity. Proteins 77, 842-856 (2009).

Acknowledgements

We thank Robert Grassucci, Zhening Zhang, Surajit Banerjee, and Yen-
Hong Kao (Columbia University Cryo-Electron Microscopy Center) for
helping with microscope operation and data collection. This work was
performed at the Columbia University Cryo-Electron Microscopy Center.
Access to computational facilities of the Supercomputer Center “Poly-
technical” at the St. Petersburg Polytechnic University is greatly appre-
ciated. A.N. is a Walter Benjamin Fellow funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) -
464295817. M.D. simulations were supported by the RSF (23-14-00313).
A.l.S. was supported by the NIH (RO1 CA206573, RO1 ARO78814, RO1
NS083660, and RO1 NS107253).

Author contributions

A.N. made constructs and carried out protein expression, protein pur-
ification, and cryo-EM data processing. M.V.Y. carried out electro-
physiology experiments. A.N. and K.D.N. prepared cryo-EM samples and
carried out Fura-2 intracellular calcium imaging recordings. A.N. and

A.l.S. analyzed structural data and built molecular models. Y.A.T., N.AK.,
and R.G.E. designed computational work, performed molecular mod-
eling, and analyzed the data. A.N. and A.I.S. wrote the manuscript, which
was then edited by all authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38352-5.

Correspondence and requests for materials should be addressed to
Alexander |. Sobolevsky.

Peer review information Nature Communications thanks Jie Zheng, Qiu-
Xing Jiang, and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:2659

13


https://doi.org/10.1038/s41467-023-38352-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Structural mechanism of human oncochannel TRPV6 inhibition by the natural phytoestrogen genistein
	Results
	Functional characterization of hTRPV6 inhibition by genistein
	Cryo-EM analysis of hTRPV6 in the presence of genistein
	hTRPV6Open and hTRPV6GEN structures
	Two-fold symmetry of hTRPV6GEN structure
	Genistein binding sites
	Putative metal binding sites at the hTRPV6GEN pore intracellular entry
	MD simulations of genistein binding sites

	Discussion
	Methods
	Construct
	Expression and purification
	Cryo-EM sample preparation and data collection
	Image processing and 3D reconstruction
	Model building
	Fura-2 AM measurements
	Electrophysiology
	MD simulations
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




