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Abstract

Epithelial calcium channel TRPV6 is a member of the vanilloid subfamily of TRP channels that is
permeable to cations and highly selective to Ca2*; it shows constitutive activity regulated
negatively by Ca?* and positively by phosphoinositol and cholesterol lipids. In this review, we
describe the molecular structure of TRPV6 and discuss how its structural elements define its
unique functional properties. High Ca?* selectivity of TRPV6 originates from the narrow
selectivity filter, where Ca2* ions are directly coordinated by a ring of anionic aspartate side
chains. Divalent cations Ca2* and Ba%* permeate TRPV6 pore according to the knock-off
mechanism, while tight binding of Gd3* to the aspartate ring blocks the channel and prevents Na*
from permeating the pore. The iris-like channel opening is accompanied by an a-to-m helical
transition in the pore-lining transmembrane helix S6. As a result of this transition, the intracellular
halves of the S6 helices bend and rotate by about 100 degrees, exposing different residues to the
channel pore in the open and closed states. Channel opening is also associated with changes in
occupancy of the transmembrane domain lipid binding sites. The inhibitor 2-aminoethoxydiphenyl
borate (2-APB) binds to TRPV6 in a pocket formed by the cytoplasmic half of the S1-S4
transmembrane helical bundle and shifts open-closed channel equilibrium towards the closed state
by outcompeting lipids critical for activation. Ca2* inhibits TRPV6 via binding to calmodulin
(CaM), which mediates Ca2*-dependent inactivation. The TRPV6-CaM complex exhibits 1:1
stoichiometry; one TRPV6 tetramer binds both CaM lobes, which adopt a distinct head-to-tail
arrangement. The CaM C-terminal lobe plugs the channel through a unique cation-r interaction
by inserting the side chain of lysine K115 into a tetra-tryptophan cage at the ion channel pore
intracellular entrance. Recent studies of TRPV6 structure and function described in this review
advance our understanding of the role of this channel in physiology and pathophysiology and
inform new therapeutic design.
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Graphical Abstract

TRPV6 is a member of the TRPV (vanilloid) subfamily of the transient receptor potential (TRP)
channel superfamily that is highly selective to Ca%*. Apart from being the principal epithelial
calcium channel for Ca2* absorption in intestines and other organs, TRPV6 is important for bone
development and male fertility. Mutations in TRPV6 are linked to hyperparathyroidism, while
TRPV6 overexpression correlates with the development and progression of several human cancers.
This review discusses recent advances in studies of TRPV6 using a combination of biophysical,
biochemical and computational approaches, that have led to better understanding of structure and
function of these channels and their role in physiology and disease.

Introduction

Calcium is the most abundant metal element in the human body. Of about 1 kg of calcium in
the average adult, more than 99% is stored in the form of calcium phosphate as a critical
component of bones and teeth (Brown, 1991; Peacock, 2010). The remaining ~10 g of
calcium in the body is tightly regulated, of which about half exists in the free ionic Ca2*
form (Peacock, 2010; Robertson and Marshall, 1979). While the extracellular Ca2*
concentration is typically in the low millimolar range (~2 mM), the resting cell cytosolic
Ca®* is maintained at nearly 20,000-times lower concentration (~100 nM). Significant
amounts of the intracellular calcium are stored inside organelles, such as mitochondria,
endoplasmic and sarcoplasmic reticulum (Clapham, 2007). The steep Ca2* concentration
gradient and Ca2* exchange between extracellular milieu and intracellular compartments are
controlled with precision by various membrane ion channels and pumps as well as by
cytosolic calcium-binding proteins. Such precise regulation allows Ca2* to serve as a
ubiquitous signaling molecule and regulate a plethora of physiological processes, including
neurotransmitter release, muscle contraction, cell motility and gene expression (Clapham,
2007).
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Human body’s calcium homeostasis assumes three ways of increasing serum Ca2*
concentration (Peacock, 2010): (1) dietary intake and absorption by the intestine, (2)
reabsorption by the kidney and (3) resorption from the bone. The first two processes occur in
epithelial cells via paracellular and transcellular pathways (Hoenderop et al., 2005; Suzuki et
al., 2008b) (Fig. 1a). In the paracellular pathway that is regulated by the claudin family
transmembrane proteins, Ca2* ions diffuse through intercellular tight junctions between the
epithelial cells. The transcellular pathway includes three main steps (Hoenderop et al., 2005;
Suzuki et al., 2008b): (1) absorption of luminal Ca2* ions at the apical side of the epithelial
cells, (2) transfer of Ca2* ions to the basolateral membrane presumably by calbindin, whose
role as a Ca2* shuttle molecule is not unambiguous (Turnbull et al., 2004), and (3) extrusion
of Ca2* ions to the extracellular space via the ATP-dependent Ca2*-ATPase PMCAL and
Na2*/Ca2* exchanger NCX1. The two molecules responsible for the step (1), apical Ca2*
entry, are calcium-selective channels TRPV5 and TRPV6 (Hoenderop et al., 1999; Peng et
al., 1999). While TRPV5, which expression is mainly restricted to the kidney, is considered
the major epithelial calcium channel for renal Ca2* reabsorption, TRPV6 is considered the
principal epithelial calcium channel for Ca2* absorption in intestines and many other organs.
Interestingly, in mice, TRPM?7, rather than TRPV6, has been recently proposed to play the
major role in intestinal Ca2* absorption (Mittermeier et al., 2019), although in early
development, TRPV6 contribution might still be critical (Beggs et al., 2019; Lee et al.,
2019). In this review, we will focus on TRPV6.

TRPV6 (ECaC2 or CaT1) is a member of the TRPV (vanilloid) subfamily of the transient
receptor potential (TRP) channel superfamily that is highly selective to Ca?* (Pca/Pna >
100) (den Dekker et al., 2003; Fecher-Trost et al., 2014; Hoenderop et al., 2001; Vennekens
et al., 2002). Initially cloned from the duodenum (Peng et al., 1999), where it is highly
concentrated at the microvilli tips of the lumen-facing epithelial cells (Fig. 1b), TRPV6 was
also detected in other tissues showing expression in pancreas, prostate, salivary gland, sweat
gland, liver, stomach, esophagus, kidney, placenta, testis, bone and blood cells (Giusti et al.,
2014; Hirnet et al., 2003; Peng et al., 2000; Semenova et al., 2009). Expression of TRPV6 is
regulated by the calcitropic hormone -1,25-dihydroxyvitamin D3 (1,25[OH],D3) (Balesaria
et al., 2009; Meyer et al., 2006; Pike et al., 2007; Song et al., 2003), as the TRPV6 gene
promoter has multiple vitamin-responsive elements, and also by dihydrotestosterone and
estrogen (Peng et al., 2018; Song et al., 2003; Van Cromphaut et al., 2003). Important for
Ca?* absorption, TRPV6 channels have high calcium permeability, which distinguishes them
and TRPV5 channels from other members of the TRP superfamily of cation channels
(Hoenderop et al., 2002; Nijenhuis et al., 2003).

In cellular membranes, the cation-selective TRPV6 channels are constitutively active (den
Dekker et al., 2003; Peng et al., 1999). However, single channel recordings from purified
TRPV6 channels reconstituted into lipid bilayers (Zakharian et al., 2011) required
phosphatidylinositol 4,5-bisphosphate (PIP5), revealing an important role of lipids in
regulation of channel activity. In the absence of extracellular Ca?*, Na* can easily permeate
through TRPV6 (Peng et al., 1999). High Ca2* permeation can be documented by
monitoring Ca2* influx, for example, by loading cells with Ca2* indicator (Fura-2) and
performing ratiometric fluorescence measurements (Fig. 1c—d). Apart from Ca?*, TRPV6
channels also conduct divalent cations BaZ*, Sr2* and Mn2*, but not Mg?* (Owsianik et al.,

J Physiol. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yelshanskaya et al.

Page 4

2006; Peng et al., 1999). In fact, both extracellular and intracellular Mg2* ions inhibit
TRPV6 currents (Owsianik et al., 2006). Moreover, block by intracellular Mg2* is partially
responsible for the strong inward rectification displayed by these channels (Moets et al.,
2003) (Fig. 1e). In addition, at low Mg2* concentration, channels reconstituted in planar
lipid bilayers showed inward currents that had larger conductance (~50 pS) and higher
channel open probability (~0.93) than outward currents (~30 pS, open probability of ~0.28),
indicating that the inward rectification of TRPV6 is also to a certain extent intrinsic and not
reliant on cellular factors (Zakharian et al., 2011). A number of other divalent cations, Cu?*,
Pb2*, and Cd2*, trivalent cations La3* and Gd3* as well as protons produce marked TRPV6
inhibition (Hoenderop et al., 1999; Peng et al., 1999). There are several small-molecule
inhibitors of TRPV, including ruthenium red (Hoenderop et al., 2001; Vassilieva et al.,
2013), 2-aminoethoxydiphenyl borate (Kovacs et al., 2012; Voets et al., 2001) and
phytocannabinoid A9-tetrahydrocannabivarin (Janssens et al., 2018). TRPV6 channels are
inactivated by intracellular Ca2*. Several studies showed importance of calmodulin (CaM)
for Ca2*-dependent inactivation (Derler et al., 2006; Lambers et al., 2004; Nilius et al.,
2002), with as many as seven CaM binding sites proposed based on sequence analysis (Bate
etal., 2018; Cao et al., 2013a; Kovalevskaya et al., 2012).

Physiological roles of TRPV6 are not limited to intestinal Ca2* absorption (Bianco et al.,
2007). Unlike 7rpv5-= null mice, which exhibited a defect in bone formation due to
excessive loss of Ca?* in the urine (Hoenderop et al., 2003), 77ov6~~ null mice are still
viable on a normal calcium diet (Weissgerber et al., 2012). However, 7rov6-= null mice
exhibit severely impaired male fertility accompanied by reduced motility and viability of
sperm compared to the wild-type animals; they also show a significant increase in the
epididymal luminal Ca%* concentration that is mirrored by a lack of Ca2* uptake by the
epididymal epithelium (Weissgerber et al., 2012). In addition, knockout TRPV6~~ mice
exhibit disordered Ca2* homeostasis, including defective intestinal Ca2* absorption,
increased urinary Ca2* excretion, decreased femoral bone mineral density, lower body
weight, and 80% of the mice develop alopecia and dermatitis (Bianco et al., 2007; Lieben et
al., 2010; Suzuki et al., 2008a; Weissgerber et al., 2012; Weissgerber et al., 2011). The
TRPV6 mRNA and protein levels in placenta of women suffering from pre-eclampsia are
decreased compared to healthy placental tissue (Hache et al., 2011). Several human TRPV6
gene mutations have been recently linked to transient neonatal hyperparathyroidism (Suzuki
et al., 2018) as well as under-mineralization and dysplasia of the human skeleton (Burren et
al., 2018), both phenotypes mirrored by a TRPV6 gene deletion in mice (Fecher-Trost et al.,
2019). Changes in TRPV6 expression have also been shown in several other transgenic
mouse models of human diseases, including Pendred syndrome (Wangemann et al., 2007),
Crohn’s-like disease (Huybers et al., 2008), Lowe syndrome and Dent disease (\Wu et al.,
2012), Gitelman syndrome (Yang et al., 2010) and kidney stone disease (Frick et al., 2013).

From the very early studies of TRPV6, it became apparent that TRPV6 transcripts are
overexpressed in cancerous tissues and their derived cell lines; such increased expression
stimulates the metastasis of cancer cells and confers chemotherapy resistance. It appears that
the central role of TRPV®6 in cancer is to impair Ca2* homeostasis by stimulating Ca?* entry
into the cell or altering membrane potential. As shown by different methods, including
Northern blot analysis, in situ hybridization and mass spectrometry, TRPV6 is overexpressed
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in various types of human cancer cells, including breast, prostate, colon, ovarian, thyroid,
endometrial and leukemia cancer cells (Bodding et al., 2003; Bolanz et al., 2008; Bolanz et
al., 2009; Bowen et al., 2013; Fecher-Trost et al., 2014; Fixemer et al., 2003; Fleet et al.,
2002; Lehen’kyi et al., 2011; Peng et al., 2000; Semenova et al., 2009; Taparia et al., 2006;
Wissenbach et al., 2004; Wissenbach and Niemeyer, 2007; Wissenbach et al., 2001; Zheng
et al., 2012; Zhuang et al., 2002). In case of breast cancer, it has been shown by microarray
analysis, that overexpression of TRPV6, associated with reduced patient overall survival, is a
feature of estrogen receptor-negative breast tumors as well as HER2-positive tumors. It was
shown using TRPV6-transfected Xenopus oocytes, that tamoxifen, the most common
therapy used in breast cancer treatment, inhibits the Ca2* uptake mediated by TRPV6. Thus,
TRPV6 is implicated in tumor development and progression and its overexpression pattern
correlates with the aggressiveness of the disease (Fixemer et al., 2003; Lehen’kyi et al.,
2007; Lehen’kyi et al., 2011; Lehen’kyi et al., 2012; Peng et al., 2001; Wissenbach et al.,
2004; Wissenbach et al., 2001). Monitoring TRPV6 overexpression is therefore an effective
way of early cancer detection.

TRPV6 expression was monitored using high-affinity peptide antagonists of human TRPV6
derived from the paralytic venom of the northern-tailed shrew (B/arina brevicauda)
conjugated with a fluorescent dye or a magnetic resonance imaging (MRI) contrast agent as
diagnostic tools to target tumor sites in mice bearing ovarian or prostate tumors (Bowen et
al., 2013). Since Ca?* is a critical regulator of cell proliferation, the link between tumor
progression and TRPV6 overexpression also suggests an active role of calcium-permeable
TRPV6 in the potentiation of calcium-dependent cell proliferation and inhibition of
apoptosis (Bowen et al., 2013). For instance, epidemiologic studies have linked calcium-rich
diets to a higher risk of prostate cancer (Chan and Giovannucci, 2001; Clinton and
Giovannucci, 1998; Tavani et al., 2001). Inhibitors of TRPV6 may therefore offer a novel
therapeutic strategy for treatment of TRPV6-rich tumors (Bolanz et al., 2008; Bowen et al.,
2013; Lehen’kyi et al., 2007; Schwarz et al., 2006). For example, currently in clinical trials
is the Soricimed C-series of peptides, which initiate apoptosis in human tumor xenografts
and shrink tumors, while exhibiting a very low toxicity profile (Fu et al., 2017; Xue et al.,
2018). In addition, development of selective small molecule inhibitors or channel blockers of
TRPV6 has identified promising lead compounds for cancer treatment (Haverstick et al.,
2000; Hofer et al., 2013; Kovacs et al., 2012; Landowski et al., 2011; Simonin et al., 2015).
Since TRPV6 has proven to be an attractive drug target, it is important to better understand
its molecular structure and function.

In this review, we discuss recent advances in studies of TRPV6 structure and function using
a combination of biophysical, biochemical and computational methods, including structural
and molecular biology, functional essays and molecular modeling, that have led to better
understanding of the molecular bases of TRPV6 channels function and their role in
physiology and disease.

architecture

Four identical subunits, which are 725 residue-long in human TRPV6 (hTRPVE), assemble
into a 4-fold symmetrical tetramer that includes two main compartments: a transmembrane
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(TM) domain with a central ion channel pore and a ~70-A tall and ~110 A wide intracellular
skirt where four subunits comprise walls enclosing a ~50 A X 50 A wide cavity underneath
the ion channel (Fig. 2a-b). A single TRPV6 subunit contains an N-terminal helix, followed
by an ankyrin repeat domain (ARD) with six ankyrin repeats, and a linker domain that
includes a B hairpin (composed of p-strands B1 and p2) and a helix-turn-helix motif
resembling a seventh ankyrin repeat, and the pre-S1 helix, which connects the linker domain
to the TM domain (Fig. 2c—d). The TM domain of TRPV6 crudely resembles voltage gated
K* (Long et al., 2007) or Na* (Payandeh et al., 2011) channels and includes six TM helices
(S1-S6) and a pore loop (P-loop) between S5 and S6. The first four TM helices form a
bundle to comprise the S1-S4 domain. In voltage-gated ion channels, the S1-S4 domain
plays the role of a voltage sensor, in which the positively charged arginine and lysine
residues of S4 move relative to the membrane plane during activation and deactivation of
these channels. In TRPV6, S4 does not contain positively charged residues. Instead,
extensive hydrophobic interactions between aromatic side chains in S1-S4 rigidifies the
helical bundle conformation, suggesting that this domain remains relatively static during
gating. Following S6 is the amphipathic TRP helix, which runs parallel to the membrane and
creates a hub for interactions between hydrophobic elements of the TM domain and
hydrophilic elements of the intracellular skirt.

Following the amphipathic TRP helix, the polypeptide forms a loop structure named C-
terminal hook, which continues with a six-residue p-strand (B3) that tethers to the p hairpin
in the linker domain to create a three-stranded B-sheet. The latter, together with the N-
terminal helix and C-terminal hook, participate in intersubunit interactions with the ARDs
that glue the elements of the intracellular skirt together. At the center of these interactions is
the N-terminal helix, which is positioned as a pillar along the corners of the intracellular
skirt. Deletions of the N-terminal helix or mutations of its conserved residues in the
homologous TRPVS5 abolished or significantly impaired its Ca2* uptake function (de Groot
et al., 2011b), suggesting that the intersubunit interactions are both structurally and
functionally important.

On the extracellular side of the membrane, the intersubunit interactions are mediated by the
S1-S2 extracellular loops contacting the S5-P and P-S6 loops of the adjacent subunit.
Modification of a conserved N-linked glycosylation site in the S1-S2 loop is a likely reason
for activation of TRPV5 and TRPV6 by the beta glucuronidase klotho (Lu et al., 2008). In
the TM domain, the pore module elements S5, P-loop and S6 of the neighboring subunits are
involved in extensive intersubunit interfaces to form the central ion channel pore. In
addition, the pore-forming elements of each TRPV6 subunit interact extensively with the S1
and S4 helices of the adjacent subunit S1-S4 domain. The pore and S1-S4 domains therefore
interact with each other in a domain-swapped arrangement (Fig. 2b), similar to other TRP
channels (Chen et al., 2017; Guo et al., 2017; Hirschi et al., 2017; Jin et al., 2017; Liao et al.,
2013; McGoldrick et al., 2019; Paulsen et al., 2015; Schmiege et al., 2017; Shen et al., 2016;
Su et al., 2018; Tang et al., 2018; Winkler et al., 2017; Yin et al., 2018; Zhou et al., 2017)
and classical voltage-gated potassium (Long et al., 2005), sodium (Shen et al., 2017) and
calcium ion channels (Wu et al., 2015), but different from a non-swapped arrangement in
CNG channels (Li et al., 2017), HCN channels (Lee and MacKinnon, 2017) and potassium
channels Eagl (Whicher and MacKinnon, 2016), Slol (Tao et al., 2017) and Slo2.2 (Hite
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and MacKinnon, 2017). Interestingly, the non-swapped arrangement was observed in the
first crystal structure of rat TRPV6 (rTRPV6) construct TRPV6ys that had a single residue
mutation L495Q in the TM domain and showed function, which was nearly identical to wild
type channels (Saotome et al., 2016). Reversal of glutamine to the naturally occurring
leucine in the new construct TRPV6* resulted in a remarkable change of the TRPV6
architecture to the domain-swapped arrangement (Singh et al., 2017). It turned out that the
domain-swapped arrangement can also be reversed to the non-swapped arrangement by
deletions in the S4-S5 linker connecting the pore and the S1-S4 domains (Singh et al.,
2017), which was predicted to happen in the course of evolution in CNG, HCN, Eag1l, Slol
and Slo2.2 channels (Hite and MacKinnon, 2017; Lee and MacKinnon, 2017; Li et al., 2017;
Tao et al., 2017; Whicher and MacKinnon, 2016). Shortening of the S4-S5 linker in
TRPV6*, however, ablated channel-mediated calcium influx, suggesting that different types
of the domain arrangement-switching mutations can lead to strong or weak changes in the
ion channel function (Singh et al., 2017). It remains to be seen whether the domain
arrangement-switching mutations are relevant to pathophysiology and disease and whether
such an incredible switch in the domain architecture can happen in other ion channels.

lon-conducting pore and cation binding sites

Architecture of the TRPV6 ion-conducting pore is conserved across the family of tetrameric
ion channels. The extracellular segment of the pore is formed by extracellular loops
connecting the P-loop helix to S5 and S6, while the rest of the ion conduction pathway is
formed by the S6 helices (Fig. 3 and 4a). The region connecting S5 and S6 contains eight
acidic residues per protomer, four of which face the ion conduction pathway, creating a
highly electronegative entry to the pore (Fig. 3a—b). Below this extracellular vestibule is a
four-residue selectivity filter formed by the extended portions of the re-entrant P-loops (Figs
3c—g and 4a). The side chains of the highly conserved aspartates (D542 in hTRPV6 and
D541 in rTRPV6), which have previously been identified as critical for Ca2* selectivity,
permeation, and voltage-dependent Mg2* block (Owsianik et al., 2006; Voets et al., 2003),
protrude toward the pore central axis to produce a minimum interatomic distance of 4.6 A at
the upper tip of the selectivity filter, consistent with the pore diameter of 5.4 A estimated
based on the permeability of the channel to organic cations (Voets et al., 2004).

Below the selectivity filter, the pore widens into a large, mainly hydrophobic cavity. Lateral
pore portals (Fig. 3a) may provide hydrophobic access to this cavity for small molecules or
lipids, similar to voltage gated Na* channels (Payandeh et al., 2011). The large diameter of
the hydrophobic cavity (~13 A) can easily accommodate a fully hydrated calcium ion, which
has an effective diameter of 8-10 A. The S6 helices cross at the intracellular portion of the
channel. Conserved methionine (M578 in hTRPV6 and M577 in rTRPV®6) side chains form
a~5 A in diameter narrow constriction creating a hydrophobic seal and defining the lower
gate (Fig. 4a), similar to TRPV2 (Zubcevic et al., 2016), TRPV3 (Singh et al., 2018a;
Zubcevic et al., 2018), TRPV4 (Deng et al., 2018) and TRPV5 (Hughes et al., 2018a).
Anomalous diffraction from the closed-state rTRPV6 crystals grown with selenomethionine-
labeled protein strongly confirmed that M577 side chains occlude the pore (Saotome et al.,
2016; Singh et al., 2017). Interestingly, despite high sequence conservation in this region,
the equivalent methionine residue in the published non-conducting conformations of TRPV1
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points away from the pore axis (Liao et al., 2013). Whether these structures represent
intermediate rather than truly closed conformations of TRPV1 (see below) remains to be
determined.

Binding of cations in the TRPV6 pore was studied by co-crystallizing TRPV 6yt with
Ca?*, Ba%* or Gd3*, which have various permeation and channel-blocking properties
(Kovacs et al., 2011), and collecting X-ray diffraction data to locate anomalous difference
peaks specific to each cation. The anomalous difference peaks suggest the presence of four
types of cation binding sites in the TRPV6yst channel pore (Fig. 3c—h). The main cation
binding site (Site 1) is at the central pore axis at or near the same plane as D541 side chains.
For CaZ* ion at Site 1, the cation-oxygen distance of 2.4 A (Fig. 4a) matches the reported
average Ca2*-oxygen distance calculated from crystal structures of various classes of Ca2*-
binding proteins (Yang et al., 2002). This minimal interatomic distance suggests that the
carboxylate oxygens of D541 in rTRPV®6 directly coordinate an at least partially dehydrated
Ca?" ion at this site. Similarly, structural studies of the hexameric Ca2* release-activated
channel Orai suggest that Ca2* selectivity is achieved by direct coordination of Ca2* by a
ring of glutamate residues at the extracellular entrance to the pore (Hou et al., 2012). By
contrast, in Cay/Ab, the permeant Ca2* ion indirectly interacts with the pore through water
molecules (Tang et al., 2014).

Another site (Site 2) located at the central pore axis of rTRPV6 was identified by anomalous
difference signals for Ca2* and Ba?*; it is 6-8 A below Site 1, between the backbone
carbonyls and side chain hydroxy! groups of T538 (Figs 3c—f, 4a). The greater Ca2*/Ba?*-
oxygen distance at Site 2 indicates that the cation is equatorially hydrated at this location.
Although the chemical environment of Site 2 suggests that it binds cations at lower affinity
than Site 1, the BaZ* signal is stronger at this site. The different relative anomalous peak
intensities at Sites 1 and 2 for Ca2* and Ba?*, as well as their slightly different positions at
Site 1, may arise from the greater size of Ba?* (~3 A diameter) than Ca2* (~2 A diameter).
This observation implies that the TRPV6 selectivity filter discriminates ions on the basis of
size as well as charge.

The third site at the central pore axis of rTRPV6 was identified 6.8 A below Site 2, in the
center of the hydrophobic cavity, at the level of M569 (Figs 3c—f, 4a). The corresponding
anomalous difference peaks were observed for both Ca2* and Ba?*, though for Ca2*, the
anomalous peak at Site 3 was less robust, presumably due to weaker anomalous diffraction
properties. The signal at Site 3 suggests that cations bound here are ordered by water
molecules, which can be held in place by weak hydrogen bonding interactions and pore
helix dipoles pointing their partial negative charges toward the center of the hydrophobic
cavity, similar to K* channels (Doyle et al., 1998).

Four symmetry-related cation binding sites were identified in the TRPV6ys; outer vestibule
(recruitment sites). The corresponding anomalous difference peaks were observed for Ba2*
and Gd3* in the vicinity of the negatively charged rTRPV6 residues D517, E518 and D547,
but at distinct locations, probably due to difference in charge density. Although the
anomalous difference peaks at the recruitment sites were not observed for Ca2*, presumably
due to lower affinity, reduced occupancy, or weaker anomalous signal, the highly
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electronegative outer vestibule is likely involved in the general recruitment of cations toward
the extracellular vestibule of the TRPV6 channel. Consistent with the results of isothermal
titration calorimetry experiments for Gd3* (Saotome et al., 2016), affinity of cations to the
recruitment sites is probably lower than to Site 1.

Mechanism of ion permeation

The pore architecture and locations of cation binding sites in TRPV 6y (Figs 3 and 4a)
provided the first structural clues about ion permeation through TRPV6 and the calcium
permeation mechanism in particular (Saotome et al., 2016). Close proximity of carboxylate
side chains at Site 1 suggested that the absence of a bound Ca2* ion would be energetically
unfavorable due to charge repulsion between D541 side chains in rTRPV6. Thus, it is likely
that a Ca%* ion is, in effect, constitutively bound at Site 1 and removal of it from Site 1
would require immediate replacement with another Ca2* ion, necessitating a “knock off”
mechanism of permeation. Given the large energetic barrier of displacing Ca2* ion at Site 1,
a substantially high local concentration of Ca2* would be necessary for permeation to
proceed at physiological membrane voltages. Recruitment sites in the highly electronegative
extracellular vestibule might serve this purpose.

Using TRPV6ys structures as initial templates, the mechanism of TRPV6 ion permeation
was studied in molecular dynamics (MD) simulations (Sakipov et al., 2018). First,
equilibrium simulations predicted that Ca*, Ba* and Gd3* ions occupied similar but not
identical positions in the pore compared to Sites 1-3 identified in the crystal structures. For
example, Ca2* ion bound to Site 1 in the rTRPV6 crystal structure remained close to its
original position (Site 1a), being coordinated by D541 and water from the extracellular
vestibule, while the ion located at the crystal structure Site 2 shifted towards Site 1 (Site 1b),
where it is coordinated by the D541 oxygen and the backbone oxygen of 1539 in the
selectivity filter along with water molecules. MD simulations therefore predicted that the
crystallographically identified Site 1 is occupied by two Ca2* ions, the result further
supported by quantum mechanical energy calculations (Sakipov et al., 2018). Accordingly,
the anomalous difference peak at the crystallographically identified Site 1 is likely a result of
averaging over the two closely spaced positions 1a and 1b seen in MD simulations. Position
of the third Ca2* ion in the rTRPV6 pore, which was fairly mobile during simulation,
fluctuated between Sites 2 and 3, being coordinated by T538 at Site 2 or water in the central
cavity (Site 3). All ions located at the recruitment sites were also very mobile compared to
ions at Sites 1a and 1b but during equilibrium simulations, they remained in close proximity
to their original positions. The large hydrophobic cavity in the center of the channel was
fully hydrated in these simulations, demonstrating that a fully solvated ion may pass the
cavity with minimal energetic penalty.

Non-equilibrium simulations shed light on the dynamics of permeation through the
selectivity filter, revealing several interesting findings. First, simulations showed that in the
presence of ions no water binds to or crosses the pore constriction. Second, the modelled
relative contribution of ions to TRPV6-mediated currents is consistent with the one
originally predicted for calcium channels in physiological experiments (Almers and
McCleskey, 1984; Heinemann et al., 1992; Hess and Tsien, 1984; Hoenderop et al., 2001;
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Vennekens et al., 2001). Indeed, at low Ca2* concentrations, the inward current through the
TRPV6 channel is mainly carried by Na* ions. At high Ca?* concentrations, Ca2* current
prevails, making the channel highly selective to calcium. Ca2* permeation follows the
knock-off mechanism, that can be described as a two-stage process (Fig. 4b—f): (1) the pair
of resident Ca2* ions at Sites 1a and 1b (Fig. 4b) is approached by a Ca%* ion from the
recruitment sites (Fig. 4c), and (2) the resident Ca2* ion from Site 1b departs to the central
cavity (Fig. 4d). In this mechanism of permeation, there is a transition state that is
characterized by three Ca2* ions occupying two binding sites (Sites 1a and 1b) formed by
D541 residues in rTRPV6. The life time of this transition state is determined by the wait
time for a consorted fluctuation at two ion positions: the incoming ion motion towards the
binding site and the lower resident ion motion towards the central cavity. In the case of Ca2*,
the transition state is a short-living state that is often hard to observe.

Apart from Ca2*, TRPV6 is permeable to other divalent cations, with the ion permeation
sequence Ca2* > Ba2* > Sr2* > Mn2* (den Dekker et al., 2003; Hoenderop et al., 2005), and
weakly permeable to trivalent cations, such as La3* and Gd3* (Kovacs et al., 2011).
According to the MD simulations, both Ca2* and Ba2* ions permeate TRPV6 via the knock-
off mechanism but the observed transition state that includes three ions at Site 1 in both
cases has a remarkably different life time. Compared to the short-living transition state for
Ca?*, the transition state for Ba2* is long-living and slows down the entire dynamics of
permeation. The main difference between Ca2* and Ba2* comes from their different short-
range interactions (van der Waals parameters) with the atoms in their first solvation shell:
while Ba2* has a larger radius, it also has a nearly three times stronger short-range attraction
to nearby atoms, therefore residing at the binding site for longer time. For trivalent cations,
MD simulations showed stable configurations of one Gd3* ion bound at Site 1 at low
concentrations of Gd3* and two Gd3* ions bound at Site 1 at high Gd3* concentrations. In
either condition, however, the pore was blocked for permeation by Gd3*, with no water or
counter ion permeation observed. Apparently, trivalent cations block divalent cations from
permeating by virtue of their strong positive charge, which results in higher affinity to Site 1.
Most likely, Ca?* and Mg?* block monovalent currents (Owsianik et al., 2006) through an
analogous mechanism. The mechanism of Na* permeation is drastically different. While
permeation of Ca2* clearly follows the knock-off mechanism, Na* permeation does not.
Indeed, in the absence of Ca?*, many Na* ions occupy the selectivity filter, and the ones that
leave it going intracellularly move independently of those that approach it from the
extracellular space, therefore lacking the crucial condition of the Ca2* permeation knock-off
mechanism (Sakipov et al., 2018).

Phosphoinositol lipids, phosphatidylinositol 4,5-bisphosphate (PIP5) in particular, directly
activate TRPV6 (Zakharian et al., 2011). PIP, also activates TRPV5 (Lee et al., 2005), a
close homologue of TRPV6. While no discernible lipid densities were observed in the
crystal structures of TRPV6 (Saotome et al., 2016; Singh et al., 2017), the cryo-EM
reconstructions reveal numerous well-resolved non-protein densities around the TMD that
likely represent lipids (McGoldrick et al., 2018; Singh et al., 2018b; Singh et al., 2018c¢)
(Fig. 5). Similarly positioned densities in the structures of other TRP channels (Gao et al.,
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2016) were modeled as molecules of lipids, including phosphatidylinositol (PI),
phosphatidylcholine (PC), and phosphatidylethanolamine (PE). There are four strong lipid-
like densities (1-4) per subunit of TRPV6, of which density 4 has a clear head-and-two-tails
appearance. Fitting different lipid molecules into hTRPV6 density 4 (McGoldrick et al.,
2018) suggests that the chemical environment around the lipid head group, including the
negatively charged aspartate D525 and polar Y349, Y509, Q513 and Y524, supports binding
of PE or PC rather than PIP,. Densities 1-3 have sausage-like appearances and might
represent a wider variety of lipid-like molecules, including cholesterol. In fact, cholesterol
might play a role of TRPV6 activator alternative to PIP, as the activity of these channels is
decreased by cholesterol sequestration with methyl-B-cyclodextrin (Kever et al., 2019). In
physiological conditions, however, some of the densities 1-3 sites might also be occupied by
PIP, (\elisetty et al., 2016; Zakharian et al., 2011). For example, positively charged R470
and K484 as well as polar T479, Q483 and Q596 around hTRPV6 density 2 create a
permissive chemical environment for the head group of PIP,. However, the poor fit of PIP,
into density 2 (McGoldrick et al., 2018) suggests that in the published cryo-EM structures of
TRPVG6 it represents a different molecule. In this regard, two weaker lipid-like densities 5
and 6 (Fig. 5) might also be candidates to represent PIP,. Indeed, in the apparently open
state structure of TRPV5 determined in the presence of added PIP, (Hughes et al., 2018b),
the density assigned to PIP, is in closest proximity to lipid-like densities 5 and 6 in TRPV6
but more peripheral relative to the channel. However, the putative PIP, density in TRPV5 is
rather poor to allow unambiguous interpretation and mutations of residues around it
produced rather weak effects on currents recorded from TRPV5-expressing oocytes before
and after incubation with wortmannin, an inhibitor of Pl4-kinases (Hughes et al., 2018b). In
addition, no such putative PIP, density was observed in the other apparently open state
structures of TRPVS5 (Dang et al., 2019) or TRPV6 (McGoldrick et al., 2018), where the
lipid-like densities 5 and 6 appear exactly the same as in the corresponding closed state
structures, making them unlikely candidates to represent PIP,. Therefore, the mechanism of
PIP, action and the location of its binding site in TRPV6 have yet to be resolved.
Nevertheless, lipids appear to be an important component of TRPV6 gating and regulation,
as it becomes obvious from the following chapters.

Activation gating and channel opening

All crystal structures of rat TRPV6 were determined in the closed state (Saotome et al.,
2016; Singh et al., 2017), where the M577 side chains formed a hydrophobic “seal” on the
cytoplasmic side of the S6 helices, similar to the M578 side chains in mutant hTRPV6-
R470E channels (Fig. 6a,d). Conversely, interatomic distances within the pore of the very
first cryo-EM structure of wild type human TRPV6 confirmed that the channel pore is open
(Fig. 6b,e). The hTRPV6 open pore surface is lined by the side chains of D542, T539, N572,
1575, D580 and W583, as well as the backbone carbonyl oxygens of 1540, 1541 and G579.
The narrowest part of the hTRPV6 upper pore, the selectivity filter, is formed by the D542
side chains, one from each subunit, which project towards the center of the pore (Fig. 6b,e)
and, similar to D541 in rTRPV®, play an important role in Ca* permeation by directly
coordinating dehydrated Ca2* jons (Saotome et al., 2016). The narrowest part of the
hTRPV6 lower pore (9.6-A interatomic distance) is defined by the side chains of 1575 at the
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S6 bundle crossing (Fig. 6b). This part of the pore is comparable in size to the pore of open
TRPV1 (9.3-A interatomic distance, measured between side chains of 1679) (Gao et al.,
2016) and is wide-open for conductance of hydrated Na* or Ca2* ions.

Structurally, wild type hTRPV6 can be converted from the open to closed state by
introducing a single R470 mutation at the lipid density 2. Density 2 coincides with the
vanilloid binding site in TRPV1, which accommodates agonists, such as resiniferatoxin and
capsaicin, and antagonists, like capsazepine (Gao et al., 2016), but in the absence of ligands,
is occupied by the lipid phosphatidylinositol favoring the closed pore conformation (Gao et
al., 2016). Mutant hTRPV6-R470E channels are functional but show ~10 times slower
calcium uptake compared to wild type channels, consistent with their less frequent openings
(McGoldrick et al., 2018). Supporting the idea that the density 2 represents an activating
lipid, its size in hnTRPV6-R470E became smaller (Fig. 6g) than in hTRPV6 (Fig. 6h).
Confirming different physical occupancy of density 2, the side chain of Q483 in hTRPV6-
R470E has an altered conformation that would cause clashing with the lipid density in wild
type hTRPV®6 (Fig. 6g-h). Supporting the role of Q483 in lipid recognition, an hTRPV6-
Q483A mutant, while being functional, demonstrated a ~5 times slower calcium uptake
compared to wild type channels (McGoldrick et al., 2018). Interestingly, cryo-EM structure
of wild type rTRPV6 captures the channel in the closed state, identical to crystal structures.
Consistently, the lipid density 2 in the cryo-EM structure of rTRPV6 is much weaker than in
hTRPV6, indicating either lower occupancy or greater mobility of the putative bound lipid.
Because rTRPV6 and hTRPV6 were purified in similar conditions, have 89% overall
sequence identity, and have identical amino acid compositions of their lipid 2 binding
pockets, it remains a puzzle why one channel was closed and the other open. For example,
some lipids within the membranes of the protein-expressing HEK cells may be important for
opening of hTRPV6 but not rTRPV6. Different conformations of rTRPV6 and hTRPV6
might also reflect the ease with which these constitutively active channels rapidly transition
between gating states, and that very subtle changes can push this equilibrium towards one
state or the other. Such subtle changes, for instance, can originate from different interactions
of membrane-mimicking environment (amphipols or nanodiscs) with S1-S3. These helices
contain the largest number of membrane lipid-facing residues (69%), of which only 80% are
identical between rTRPV6 and hTRPV6.

The principal structural changes during hTRPV6 opening occur in the pore-lining helix S6
and originate at A566, a residue highly conserved in TRPV5 and TRPV6 and located right
below the selectivity filter (Fig. 6a—b). Confirming its important role in gating, substitution
of A566 with threonine, the homologous residue conserved in TRPV1-4, greatly reduces the
hTRPV6 current amplitude and slows down calcium uptake by ~30 times (McGoldrick et
al., 2018). Upon opening, S6, which has an a-helical conformation in the closed state,
undergoes a local transition to a rc-helix. Compared to a-helices, which have i+4 and i
residues connected by hydrogen bonds, rt-helices are defined by repeated i+5 — i hydrogen
bonding. Typically, these short secondary structure elements occur in ~15% of proteins and
are flanked on both sides by a-helical segments, thus appearing as a-aneurisms or r-bulges
in the middle of a-helices (Cooley et al., 2010). Concurrently with the a-to-r transition in
the middle of S6, the lower part of S6, which forms the gate in the closed state, rotates by
~100° and bends away from the pore axis by ~11°. Importantly, these rearrangements not
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only widen the pore for permeant ions but also change the set of residues that face the
hTRPV6 pore axis (e.g., N572 and 1575 in the open state compared to L574 and M578 in the
closed state). Alanine A566, therefore, acts as a hinge to allow hTRPV6 gating at the S6
bundle crossing without changing the conformation of the selectivity filter (Fig. 6a-b).
Correspondingly, the selectivity filter appears to play a crucial role in TRPV6 channel ion
permeation rather than gating.

While many representatives of the TRP channel family have a w-bulge in the middle of S6
(Autzen et al., 2018; Cao et al., 2013b; Chen et al., 2017; Duan et al., 2019; Duan et al.,
2018; Gao et al., 2016; Grieben et al., 2017; Guo et al., 2017; Hirschi et al., 2017; Hughes et
al., 2018b; Jin et al., 2017; Liao et al., 2013; McGoldrick et al., 2018; Paulsen et al., 2015;
Schmiege et al., 2017; Shen et al., 2016; Singh et al., 2018a; Singh et al., 2018b; Su et al.,
2018; Vinayagam et al., 2018; Winkler et al., 2017; Zhang et al., 2018; Zhou et al., 2017), it
is unclear how common is the a-to-r transition in S6 during gating. For many of the TRP
channel subtypes, this uncertainty is due to limited availability of structures in different
gating conformations. The a-to-m transition was first discovered experimentally in TRPV6
(McGoldrick et al., 2018) but hypothesized earlier based on comparison of TRPV1
structures, which had the rc-bulge in the middle of S6 (Cao et al., 2013b; Liao et al., 2013),
and the structure of TRPV2, which had the entire S6 a-helical (Zubcevic et al., 2016). More
recently, the a-to-m transition in S6 during gating was also observed in structures of TRPV2
(Dosey et al., 2019; Pumroy et al., 2019; Zubcevic et al., 2016; Zubcevic et al., 2019b),
TRPV3 (Singh et al., 2019; Singh et al., 2018a; Zubcevic et al., 2019a; Zubcevic et al.,
2018) and TRPV5 (Dang et al., 2019; Hughes et al., 2018a; Hughes et al., 2018b). Despite
MD simulations and bioinformatics analysis also predicted the a-to-r transition to occur in
TRPV1 (Kasimova et al., 2018a; Kasimova et al., 2018b), all structures of this channel that
have been published so far show the rt-bulge in the middle S6, which maintains its
secondary structure in different gating conformations. While it remains to be seen how
common is the a-to-mt transition in S6 during gating of TRP channels, it is clearly quite
unique for the tetrameric ion channel family. Indeed, K* channels do have a gating hinge in
their pore-forming inner helices (Jiang et al., 2002; Jiang et al., 2003). However, this hinge is
formed by a glycine located one residue C-terminally compared to the gating hinge alanine
in TRPV6 and permits bending of the inner helices by ~30° without an a-to-r transition.
The glycine hinge, like the alanine hinge in TRPVS, allows gating of K* channels to occur at
the inner helices bundle crossing without changing the selectivity filter. However, unlike
TRPVS, the glycine gating hinge in K* channels does not introduce a ~100° rotation of the
lower parts of the pore-forming helices and correspondingly does not change the residues
lining the pore gate region. An alanine gating hinge is present in the pore-forming helices of
ionotropic glutamate receptor (iGIuR) family tetrameric ion channels (Twomey et al., 2017).
However, this alanine gating hinge is located at the ion channel gate region.
Correspondingly, bending the pore-forming helices at the iGIUR alanine gating hinge
directly alters the diameter of the pore in close proximity to the gate without an a-to-r
transition. Therefore, the a-to-r transition during gating is a unique feature of TRP channels
that might be specific to their exclusive physiological roles.

For the regions involved in gating, pore opening in hTRPV6 is accompanied by the
formation of two electrostatic bonds per subunit (Fig. 6g—h). A salt bridge forms between
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Q473 in the S4-S5 elbow and R589 in the TRP helix, and a hydrogen bond forms between
D489 in the S5 helix and T581 in the S6 helix. Neither interaction is present in the closed-
state structures of hnTRPV6-R470E or rTRPV6 and the formation of the hydrogen bond
(D489-T581 in hTRPV6-R460E or D488-T580 in rTRPV6) is prevented by the side chain of
M577 or M576, respectively (Fig. 6g). The importance of the D489-T581 interaction for
hTRPV6 opening is supported by the observation that a mutation equivalent to T581A
reduces the excessive constitutive activity of an hTRPV6-G516S mutant (Hofmann et al.,
2017). We speculate that formation of the electrostatic bonds compensates the energetic cost
of the unfavorable a-to-m helical transition in S6 during channel opening. This structural
solution therefore maintains the relative stabilities and similar energy levels of both gating
states and supports the constitutive activity of TRPV6. Accordingly, the open and closed
conformations of TRPV6 remain in a state of readily tunable equilibrium that can be shifted
towards either state by different stimuli, including lipids (Velisetty et al., 2016; Zakharian et
al., 2011).

Inhibition by 2-APB

A membrane-permeable compound 2-aminoethoxydiphenyl borate (2-APB), one of the few
known small-molecule inhibitors of TRPV6, has been shown to attenuate tumor growth and
invasiveness in human cancer cell lines in vitro (Nelson, 2018). 2-APB was initially
characterized as an inhibitor of Ins(1,4,5)P3 receptor-induced Ca?* release (Maruyama et al.,
1997) but was later shown to modulate the functions of different ion channels, including
calcium release-activated (CRAC) (Xu et al., 2016) and two-pore potassium (K2P) (Zhuo et
al., 2015) channels. 2-APB modulation of TRP channels (Colton and Zhu, 2007) includes
activation of TRPV1, TRPV2, TRPV3, TRPAL and TRPM6 (Chung et al., 2004; Hinman et
al., 2006; Hu et al., 2004; Li et al., 2006) and inhibition of TRPM2, TRPM7, TRPC3,
TRPC6 and TRPC7 (Chokshi et al., 2012; Lievremont et al., 2005; Togashi et al., 2008). The
promiscuousness of 2-APB makes it an important research tool to characterize physiological
function and biophysical properties of ion channels. However, the lack of specificity requires
precise knowledge about 2-APB interaction with a target channel in order to explore its
potential as a lead compound for drug design.

Structures of TRPV6 (Singh et al., 2018c) identified 2-APB binding site in a pocket formed
by the intracellular portions of the S1-S4 helices and the membrane-facing sides of the
amphipathic TRP helices (Fig. 7a—b). This site was confirmed crystallographically by the
anomalous difference signal for a bromine derivative of 2-APB (Fig. 7b) and by mutagenesis
(Singh et al., 2018c). Mutations in the 2-APB binding pocket, however, did not weaken the
inhibitory potency of 2-APB but either had a little effect, or resulted in a remarkable 8- to
50-fold increase in 2-APB potency compared to wild-type channels. This increase, rather
than reduction of 2-APB potency caused by mutations in its binding pocket, pointed to
competition between 2-APB and the surrounding TM domain lipids as a possible cause of
channel inhibition. In fact, while the channel undergoes closure in the presence of 2-APB
(Fig. 7c—d), there are clear changes in lipid-like densities near the 2-APB binding site (Fig.
Te—f).
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2-APB directly competes with the lipid represented by density 1 (Fig. 7e—f). Therefore,
when 2-APB binds, it wrings this lipid out. 2-APB binding to hTRPV® is also accompanied
by movement of F425 and P424 in S3 towards the S4-S5 linker. As a result, hydrophobic
residues from the S2-S3 linker (1420), N-terminal portion of S3 (P424, F425, V427, L428),
C-terminal portion of S4 (M466) and S4-S5 linker (1486, F487) in hTRPV6 come closer
together to form a hydrophobic cluster at the base of lipid density 2. Formation of the
hydrophobic cluster helps 2-APB to “squeeze out” the density 2 activating lipid away from
the S4-S5 linker and TRP helix. The accompanying rearrangements of the TM helices in
hTRPV6 eliminate the salt bridge between Q473 in the S4-S5 linker and R589 in the TRP
helix, and the hydrogen bond between D489 in the S5 helix and T581 in the S6 helix. These
interactions compensate for the unfavorable a-to-r helical transition in S6 that occurs
during channel opening and their removal makes S6 a-helical and promotes channel closure.

It is likely that 2-APB similarly modulates the activity of other channels by manipulating
their interactions with bound lipids, but that the functional outcome (activation, inhibition, or
no effect) depends on the exact nature of the channel-lipid complex and whether the lipids
have a positive or negative regulatory role in channel gating. For example, the lack of 2-APB
modulation of TRPV4 and TRPV5 (Hu et al., 2004) might be due to tighter binding of the
density 1 lipid and inability of 2-APB to displace it. Better structural knowledge about
interactions of 2-APB with the ion channel protein and the surrounding it lipids will guide
the design of small hydrophobic molecules that can alter channel function in a specific way,
possibly leading to novel therapeutic strategies.

Inactivation by calmodulin

Ca?*-induced inactivation is a common regulatory mechanism for different ion channel
families, including voltage-gated potassium (Jow et al., 2004), sodium (Herzog et al., 2003),
calcium (Lee et al., 1999; Qin et al., 1999; Zuhlke et al., 1999), cyclic-nucleotide gated
(Chen and Yau, 1994), ryanodine (Gomez and Yamaguchi, 2014) and ionotropic glutamate
receptor channels (Medina et al., 1996). The influx of calcium into the cell often initiates a
negative feedback mechanism that inactivates Ca*-permeable ion channels to protect cells
from calcium overload. In many cases, Ca?*-induced inactivation directly employs the
universal calcium sensor calmodulin (CaM) (Kovalevskaya et al., 2013). TRPVS, as well as
its close relative TRPV5, undergoes Ca2*-induced inactivation through direct interaction
with CaM (Kovalevskaya et al., 2012; Lambers et al., 2004). This interaction was first
visualized in cryo-EM structures of TRPV6 (Singh et al., 2018b) followed by structures of
TRPVS5 from two independent research groups (Dang et al., 2019; Hughes et al., 2018b), all
illustrating the same inactivation mechanism.

Structures of both hTRPV6-CaM and rTRPV6-CaM complexes demonstrated that one
TRPV6 tetramer binds one two-lobe CaM molecule (Fig. 8a—c). CaM docks into a ~50 A x
50 A cavity underneath the channel that is enclosed by a ~110 A-wide intracellular skirt.
The cavity is large enough for CaM to fit almost entirely and be hardly visible from the side
(Fig. 8a). CaM adopts an unusual head-to-tail arrangement for its N- and C-terminal lobes
(Fig. 8d), different from any published CaM structures bound to ion channel fragments
(Singh et al., 2018b). The highly flexible region, which connects the N- and C-terminal
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lobes (Barbato et al., 1992) and forms a linker helix in the canonical dumbbell conformation
of CaM (Tidow and Nissen, 2013), folds into two helices (h4 and h5) connected by a loop.

TRPV6-CaM structures reveal several surface regions of TRPV6 that interact with the two
lobes of CaM. In the center of the first region is lysine K115, which protrudes from a loop
between helices h6 and h7 of the C-terminal lobe of CaM and contacts all four TRPV6
subunits by sticking its side chain into the intracellular orifice of the ion channel pore
formed by four tryptophans (W582 in rTRPV6, W583 in hTRPV6), one from each TRPV6
subunit at the S6 bundle crossing (Fig. 8e). These tryptophans are highly conserved in
TRPV6 and TRPV5 and trap the side chain of K115 by forming a tight square cage with 4.2
A between the plane of each indole ring and the e-amino group of K115. This tryptophan
cage provides a unique environment for an atypically strong cation-m interaction between
the rt-system of four tryptophan indole rings and the positively charged e-amino group of
lysine and has not been observed in any protein structure before. The importance of W583
for CaM-dependent CaZ*-induced inactivation was demonstrated in experiments with
TRPV5 where the W583A mutation induced cell death due to increased calcium influx (van
der Wijst et al., 2017). Mutations of W583 to leucine and alanine greatly reduced CaM-
mediated inactivation of TRPV5 and converted the channel into the open state (Dang et al.,
2019; Hughes et al., 2018b).

The other surface regions of TRPV6 that interact with the N- and C-terminal lobes of CaM
are spread over all four TRPV6 subunits and collectively include the ankyrin repeats AR1-6,
linker helices LH1-2 and proximal and distal portions of the C-terminus. These regions
represent numerous spots on the TRPV6 amino acid primary sequence and explain why up
to seven CaM binding sites on TRPV5/6 have been proposed previously (Bate et al., 2018;
Bokhovchuk et al., 2018; Cao et al., 2013a; de Groot et al., 2011a; Hirnet et al., 2003;
Holakovska et al., 2011; Kovalevskaya et al., 2012; Lambers et al., 2004; Niemeyer et al.,
2001), also illustrating the eye-opening power of structural biology. Together all interfaces
between TRPV6 and CaM cover a surface area of 3176 A2. Despite the large size of these
interfaces, TRPV6-CaM interactions seem to be rather weak and allow mobility of CaM
with respect to TRPV6. Supporting this conclusion, the density for CaM in both hTRPV6-
CaM and rTRPV6-CaM structures is of lower resolution compared to the channel core
(Singh et al., 2018b). An exception to the generally weaker density for CaM is the portion
from which K115 projects and binds extremely tightly at the intracellular entrance to the
channel pore.

The CaM-bound structures suggest the mechanism of Ca2*-induced inactivation of TRPV6
and TRPV5 (Dang et al., 2019; Hughes et al., 2018b; Singh et al., 2018b). It has been
previously shown that the C-terminal lobe of CaM has higher affinity to Ca2* compared to
its N-terminal lobe (James et al., 1995; Linse et al., 1991). Accordingly, under basal calcium
levels, the C-terminal lobe of CaM might always be bound to Ca2* and to the distal C-
terminus of TRPV6 (Bate et al., 2018; Bokhovchuk et al., 2018). Only after the channel
opens, allowing Ca?* influx into the cell and increasing the local concentration of Ca2*, can
the N-terminal lobe of CaM saturate its Ca2* binding sites and bind to and stabilize the
proximal C-terminus of the channel. Fully Ca2*-bound N- and C-terminal lobes of CaM can
then adopt the unique head-to-tail arrangement and fit snugly into the cavity underneath the
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channel, with the C-terminal lobe approaching the pore intracellular entrance and the side
chain of K115 sticking into the tetra-tryptophan cage. While this model of Ca2*-induced
inactivation of TRPV6 and TRPV5 appear to be quite attractive, many details of the
inactivation mechanism remain unclear. For example, what is exact role of Ca2*, occupancy
of CaM binding sites and how many CaMs are simultaneously bound to the channel subunits
at each step of the inactivation mechanism? More biophysical, biochemical and structural
experiments are necessary to better understand the inactivation process.

Conformational ensemble

Ca%*-induced inactivation diversifies the conformational ensemble of TRPV6. Indeed, when
the channel undergoes inactivation, it enters a conformational state distinct from the open
and closed states (Fig. 9). Strikingly, however, the overall shape of TRPV6 does not change
much between the closed, open and inactivated states (Fig. 9a). In fact, strong
conformational changes are localized only to the channel core region (Fig. 9b—c), with the
central ion conducting pathway showing different pore profiles (Fig. 6) and radii (Fig. 9d).
Remarkably, despite these differences, the selectivity filter of the TRPV6 pore in the
inactivated state is similar to that of the closed and open states (Fig. 9b), strongly supporting
its exclusive role in ion permeation and Ca2* selectivity (McGoldrick et al., 2018; Saotome
et al., 2016). Indeed, a relatively static outer pore domain represents a key difference
between Ca2*-selective TRPV5/6 and other TRPV channels, which gate in response to
various stimuli and thus display a higher degree of structural plasticity, including
conformational changes in the selectivity filter (Cao et al., 2013b; Singh et al., 2018a). Three
phenylalanine residues (F530, F533 and F536 in rTRPV6) in the pore helix, which are
conserved in TRPV5-6, but only one of which is conserved in TRPV1-4, may restrict the
selectivity filter dynamics.

In contrast to the selectivity filter, the pore profile at the ion channel gate region is distinct in
all three, closed, open and inactivated, states of hTRPV6 (Figs 6, 9d). Here, the narrowest
pore constriction in the inactivated state is similar in diameter to that in the closed state
except that the constriction is formed more extracellularly by 1575, instead of by M578 in
the closed state. Due to the aliphatic nature of the isoleucine side chain, this narrow
constriction creates a hydrophobic seal impermeable to cations. Permeation through the
TRPV6-CaM pore is also prevented directly by CaM, which plugs the pore by inserting the
side chain of K115 into the intracellular pore orifice. Accordingly, the tryptophans that form
the cage surrounding K115 are getting pulled towards the center of the pore making the
radius of the pore at its intracellular entrance smaller in the inactivated state than in the
closed and open states (Figs 6, 9d).

As described above, the energetically unfavorable a-to-r transition in S6 during hTRPV6
channel opening is compensated by formation of the salt bridge between Q473 in the S4-S5
elbow and R589 in the TRP helix and the hydrogen bond between D489 in S5 and T581 in
S6 (McGoldrick et al., 2018; Saotome et al., 2016). Compared to the closed state, the lower
portion of S6 in the open state rotates by ~100°, exposing a different set of residues to the
hTRPV6 pore, including M578 that serves as the activation gate (Fig. 10). In contrast,
during inactivation, the S6 helices maintain the a-to- transition, similar to the open state.
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As a result, their lower portions do not rotate and so they expose the same residues to the
pore as they do in the open state. Instead, the S6 helices tilt towards the center of the
hTRPV6 pore at the alanine A566 gating hinge (Figs 6 and 9). Because of the pore
constriction, 1575, which lines the bottom of the central cavity in the open state,
hydrophobically seals the pore, creating an inactivation gate. Interestingly, the D489-T581
hydrogen bond, which compensates the energetically unfavorable a-to-r transition in S6
upon hTRPV6 channel opening, is also present in the inactivated state. The tilting of the S6
helices that accompanies hTRPV6 inactivation does, however, break the Q473-R589 salt
bridge (Fig. 10). An additional energy needed to compensate the unfavorable a-to-r helical
transition in S6 in the inactivated state likely comes from the cation-m interaction between
the tryptophan cage and K115, which functions as an inactivating plug.

Conclusions and outlook

Recent structural, functional and molecular modeling studies of TRPV6 have greatly
advanced our understanding of the mechanisms of its high Ca2* selectivity, ion and water
permeation, channel gating, inhibition by 2-APB and CaM-mediated Ca2*-dependent
inactivation (Fig. 10). Nevertheless, many questions about TRPV6 structure and function
remain unanswered, including kinetics and energetics of ion and water permeation through
the entirety of the ion channel pore in the open state; location of PIP, binding sites and the
role of phosphoinositols in the TRPV6 activation gating mechanism; energetics and
cooperativity of subunits during gating transitions; detailed steps of the CaM-mediated
inactivation mechanism. One of the important directions of TRPV6 research is discovery
and characterization of potential druggable sites on TRPV6 that can be targeted with small
molecules and/or antibodies. Combining structural biology methods with pharmacological,
physiological, biophysical, computer modeling and bioinformatics approaches will further
help to understand the role of TRPV6 in physiology and disease and to develop new
therapeutic strategies targeting TRPV6.
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Figure 1. Rolein epithelial ca?* transport and functional properties of TRPV6.
a, TRPV6 mediates the absorption of Ca2* from the intestine as a component of the

transcellular epithelial Ca2* transport. Following entry from the intestinal lumen into the
epithelial cell through TRPV6, Ca2* bound to calbindin diffuses to the basolateral
membrane, where it is extruded to the interstitial space adjacent to the blood vessel by
means of ATP-dependent Ca?*-ATPase PMCA1 and Na?*/Ca2* exchanger NCX1. b,
TRPV6 expression in the rat duodenum. Shown is a bright-field micrograph of a cryosection
hybridized to a digoxigenin-labeled TRPV6 antisense cRNA probe (M, muscle layer; V,
villi; C, crypt; L, lumen). TRPVE is expressed in enterocytes lining the villi, with the highest
MRNA concentrations at the villi tips. Originally published in (Peng et al., 1999). c-d,
Functional characterization of hTRPV6 using ratiometric fluorescence measurements. c,
Fluorescence curves recorded from HEK 293 cells expressing hTRPV6 in response to the
application of CaZ* (arrow) at different concentrations. d, Ca2* dose-response curve for the
maximal value of fluorescence fitted with the logistic equation. Calculated /Csg is the mean
+ SEM (n = 3). e, Whole-cell patch-clamp recording from HEK 293 cells expressing wild
type hTRPV6. Shown is a leak-subtracted current in response to the voltage ramp protocol
illustrated above the recording. Adapted from (McGoldrick et al., 2018).
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Figure 2. Architecture and domain organization of TRPV6.
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a-b, Side (a) and top (b) views of the human TRPV6 tetramer (PDB ID: 6BO8), with each
subunit shown in different color. ¢, Domain organization diagram of the TRPV6 subunit. d,
A single human TRPV6 subunit, with domains colored similarly to c. The diagram in (c) and

the overall design are adapted from (Saotome et al., 2016).
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Figure 3. Cation binding sitesin the TRPV6 pore.
a-b, Central slice (a) and top (b) views of crystal structure of rat TRPV6 (PDB ID: 5IWK)

in surface representation, colored by electrostatic potential, with blue being positively
charged, red negatively charged, and white neutral. c-h, Side (c,e,g) and top (d,f,h) views of
the TRPV6 pore (the channel portion indicated by green dashed rectangles in a-b), with
residues important for cation binding shown in stick representation. Front and back subunits
in ¢, eand g are removed for clarity. Green, blue and pink mesh shows anomalous difference
electron density for Ca2* (c-d, 38-4.59 A, 2.70; PDB ID: 5IWP), Ba2* (e-f, 38-4.59 A,
3.50; PDB ID: 5IWR) and Gd3* (g-h, 38-4.59 A, 70; PDB ID: 5IWT) and ions are shown
as spheres of the corresponding color. Purple mesh shows simulated-annealing Fo-F¢
electron density maps contoured at 4o for Ca2* (50-3.65 A), 30 for Ba2* (50-3.85 A) and
3.50 for Gd3* (50-3.80 A). Adapted from (Saotome et al., 2016).
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Figure 4. Knock-off mechanism of ca?t per meation.
a, Side view of rat TRPV6 (PDB ID: 5IWK) pore, with front and back subunits removed for

clarity. Residues that surround or contribute to cation binding sites are shown as sticks, and
Ca?* ions at Sites 1, 2 and 3 are shown as green spheres. The interatomic distances
illustrated by dashed lines suggest that CaZ* is directly coordinated by D541 side chains at
Site 1, while a hydrated Ca2* ion indirectly interacts with the pore at Sites 2 and 3. b-f,
Molecular dynamics simulation of calcium permeation through the selectivity filter. b-d,
Sequential representative positions of Ca2* ions in its initial (b, #1), transition (c, #2) and
final (d, #3) configurations. Blue, magenta and mustard colored spheres represent an
incoming, intermediate and leaving Ca2* ions, respectively. Residues D541, T538, and
M569 are shown in stick representation. e, Positions of ions along the z-axis. The positions
#1, #2 and #3 correspond to the configurations of ions shown in b, c and d, respectively. f,
Spaces occupied by each of the three calcium ions throughout the entire simulation, shown
as mesh surfaces colored similarly to ions in b-d. Adapted from (Saotome et al., 2016) (a)
and (Sakipov et al., 2018) (b-f).
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a

Figure5. Putative lipid densities.
a-b, Side (a) and top (b) views of hTRPV6 tetramer (PDB ID: 6B0O8), with each subunit (A-

D) shown in different color. Putative lipid densities are illustrated by purple mesh and
numbered. ¢, Expanded view of the putative lipid densities per hTRPV6 subunit. Adapted
from (McGoldrick et al., 2018).
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Figure 6. lon channel porein the closed, open and inactivated states.
a-c, lon conduction pathway (grey) in the closed (a, hTRPV6-R470E; PDB ID: 6BOA,

blue), open (b, hTRPV6; PDB ID: 6BO8; orange) and inactivated (c, hTRPV6-CaM; PDB
ID: 6E2F; green) states, with residues lining the selectivity filter and around the gate shown
as sticks. Only two of four subunits are shown, with the front and back subunits removed for
clarity. The segment of S6 that undergoes the a.-to-r helical transition is highlighted in pink.
d-f, Intracellular view of the S6 bundle crossing in the closed (d), open (€) and inactivated
(f) states, with the surface shown in the corresponding color. g-i, Close-up view on putative
lipid densities 1 and 2 shown as a purple mesh in the closed (g), open (h) and inactivated (i)
states. Residues involved in TRPV6 gating and regulation are shown as sticks. Black dashed
lines indicate bonds between residues D489 and T581 as well as Q473 and R589; blue,
orange and green horizontal dashed lines indicate the lowest (most intracellular) levels
reached by density 2 in the closed, open and inactivated states, respectively. Adapted from
(McGoldrick et al., 2018).
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Figure 7. Inhibition of TRPV6 by 2-APB.
a, Side view of rat TRPV6™* crystal structure in complex with 2-APB (PDB ID: 6D70). The

molecules of 2-APB are shown as red space-filling models. Four TRPV6* subunits are
colored pink, cyan, green and yellow. b, Close-up view of the 2-APB binding site with 2-
APB (yellow) and surrounding residues shown as sticks. Red mesh shows positive electron
density for 2-APB in the Fo-Fc omit map contoured at 3o. Green mesh indicated by the
arrow shows electron density for the brominated derivative of 2-APB (2-APB-Br; PDB ID:
6D7V) in the anomalous difference Fourier map contoured at 3o. ¢c-d, Intracellular view of
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the transmembrane domain in the cryo-EM structures of hnTRPV6-Y467A (c, PDB ID:
6D7S) and hTRPV6-Y467A,.apg (d, PDB ID: 6D7T). Residues forming the narrowest part
of the pore in the gate region, 1575 in hTRPV6-Y467A (c) and M578 in hTRPV6-
Y467A,_app (d), are shown as space-filling models (green). Molecules of 2-APB are shown
as sticks (red). e-f, Close-up views of the transmembrane domain of a single subunit in the
cryo-EM structures of hTRPV6-Y467A (e) and hTRPV6-Y467A,_apg (f) viewed parallel to
the membrane. The molecule of 2-APB is shown as a space-filling model (red). Purple mesh
shows lipid densities 1 and 2. Black dashed lines indicate bonds between residues D489 and
T581 as well as Q473 and R589; horizontal dashed lines indicate the lowest (most
intracellular) levels reached by density 2 in the presence (blue) and absence (orange) of 2-
APB. The segment of S6 that undergoes the a-to-m helical transition is highlighted in pink.
Adapted from (Singh et al., 2018c).
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Figure 8. Structure of TRPV6-CaM complex.
a-c, Side (a, c), and bottom (b) views of hnTRPV6-CaM (PDB ID: 6E2F) with hTRPV6

subunits (A-D) colored cyan, green, yellow and pink and CaM colored purple. Calcium ions
are shown as green spheres. In (c) only two of four subunits are shown, with the front and
back subunits being removed for clarity. Side chains of TRPV6 residues W583 and CaM
residue K115 are shown as sticks. d, Expanded view of CaM bound to the proximal and
distal portions of the TRPV6 C-terminus. Side chains of CaM residues coordinating calcium
ions and of K115 are shown as sticks. e, Stereo view of the intracellular entrance to the
channel pore where lysine K115 of CaM forms a unique cation-rt interaction with
tetratryptophan cage assembled of W583, one from each TRPV6 subunit. Adapted from
(Singh et al., 2018b).
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Figure 9. Gating-associated conformational changes.

a-c, Superposition of the full-size hTRPV®6 (@), its selectivity filter (b) and lower pore (c)
regions in the closed (cyan, hTRPV6-R470E, PDB ID: 6BOA), open (orange, hTRPVS,
PDB ID: 6BO8) and inactivated (green, hTRPV6-CaM, PDB ID: 6E2F) states, viewed
parallel to membrane. Only two (A and C) of four subunits are shown, with the back (B) and
front (D) subunits removed for clarity. Residues lining the selectivity filter, around the gate
and lysine K155 of CaM are shown as sticks. Note, the overall shape of the tetramer is very
similar in the three states (a-b), while the strongest conformational changes are localized in
the lower pore region (c). d, Pore radius calculated for the three states, with the dashed line
indicating 1.4 A (radius of a water molecule). Adapted from (Singh et al., 2018b).

J Physiol. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yelshanskaya et al.

Closed

@ caz

xg 2-APB

=@ S1-S4 lipid (1)
-8 Activating lipid (2)

Page 39

Inactivated

W583 ) K115

Figure 10. M echanisms of TRPV6 gating and regulation.
Cartoons represent TRPV6 in the closed, open, inactivated and 2-APB-inhibited closed

states. Transition from the closed to open state, stabilized by the formation of salt bridges
(dashed lines), leads to permeation of ions (green spheres) and is accompanied by a local a-
to-mt helical transition in S6 that maintains the selectivity filter conformation, while the
lower part of S6 bends by ~11° and rotates by ~100°. These movements result in a different
set of residues lining the pore around the channel gate. When 2-APB binds at the base of the
S1-S4 bundle, it displaces the putative lipid 1 (purple) and promotes formation of the
hydrophobic cluster (blue). Formation of the cluster displaces the putative activating lipid 2
(pink) and breaks hydrogen bonds (dashed lines), which stabilize the open state by
energetically compensating the unfavorable a-to-m helical transition in S6. As S6 turns a-
helical, the channel closes and its pore becomes impermeable to ions. The transition from
the open to the inactivated state involves tilting of the lower portions of the S6 helices
towards the center of the pore at the alanine A566 gating hinge and closure of the pore. The
loss of the R589-Q473 salt bridges, which stabilize the a-to-r helical transition in S6 in the
open state, is compensated by a cation-r interaction between K115 and the r-system of four
tryptophans W583 forming a cage at the pore intracellular entrance.
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