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SUMMARY

Transient receptor potential vanilloid 6 (TRPV6), a calcium-selective channel pos-
sessing six transmembrane domains (S1-S6) and intracellular N and C termini,
plays crucial roles in calcium absorption in epithelia and bone and is involved in
human diseases including vitamin-D deficiency, osteoporosis, and cancer. The
TRPV6 function and regulation remain poorly understood. Here we show that
the TRPV6 intramolecular $4-S5 linker to C-terminal TRP helix (L/C) and N-termi-
nal pre-S1 helix to TRP helix (N/C) interactions, mediated by Arg470:Trp593 and
Trp321:1le597 bonding, respectively, are autoinhibitory and are required for
maintaining TRPV6 at basal states. Disruption of either interaction by mutations
or blocking peptides activates TRPV6. The N/C interaction depends on the L/C
interaction but not reversely. Three cationic residues in S5 or C terminus are
involved in binding PIP2 to suppress both interactions thereby activating
TRPV6. This study reveals “PIP2 - intramolecular interactions” regulatory mecha-
nism of TRPV6 activation-autoinhibition, which will help elucidating the corre-
sponding mechanisms in other TRP channels.

INTRODUCTION

Mammalian transient receptor potential (TRP) superfamily of ion channels contains 28 members divided
into six subfamilies known as TRP canonical (TRPC), vanilloid (TRPV), polycystin (TRPP), melastatin
(TRPM), ankyrin (TRPA), and mucolipin (TRPML) (Gees et al., 2010). TRP proteins share tetrameric assembly
and membrane topology, i.e., six transmembrane domains (S1-56) and intracellular N and C termini (Liao
etal., 2013; Saotome et al., 2016). As a member of the TRPV subfamily TRPV6 is a cation channel highly se-
lective to calcium (Ca) with a permeability (P) ratio Pca/Pna = 130 (Yue et al., 2001). It is expressed in several
human tissues such as the small intestine, kidney, placenta, and testis (Peng et al., 1999). Physiologically,
TRPV6 plays crucial roles in Ca homeostasis of small intestine and kidney and in Ca-dependent sperm
maturation (Bianco et al., 2007; van Goor et al., 2017). ATRPVé6 loss-of-function mutation in male mice leads
to severely impaired sperm mobility and fertility (Weissgerber et al., 2011, 2012). TRPVé is also essential in
responding to fluid shear stress during microvilli development (Miura et al., 2015). Malfunction of TRPV6 is
associated with a variety of human diseases including vitamin D-deficiency rickets, kidney stone disease,
and osteoporosis (Lieben et al., 2010; Suzuki et al., 2008; van et al., 2003). Elevated expression of or muta-
tions in TRPV6 is found in cancer including breast, prostate, non-small cell lung, kidney, and skin cancer,
making it a potential target for clinical interventions (Forbes et al., 2008; Peng et al., 2000; Peters et al.,
2012; Stewart, 2020).

TRPV6 structures determined by X-ray crystallography and cryo-electron microscopy (EM) revealed prox-
imity of the C-terminal TRP helix with the N-terminal pre-S1 and intracellular S4-S5 linker (McGoldrick
et al., 2018; Saotome et al., 2016). Similar physical arrangements were also seen in other TRP members
of resolved structures, whereas TRPP channels have a TRP-like helix (Liao et al., 2013; Lopez-Romero
etal.,, 2019; Suetal., 2018). However, whether and how these domains interact with each other and the func-
tional implications of these interactions are poorly understood.

Predominantly anchored to the inner plasma membrane, phosphatidylinositol 4,5-bisphosphate (PIP2, or
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PI(3,5P2 accounting for the rest (Vanhaesebroeck et al., 2001). Phospholipase C dialyzes PIP2 into second
messengers inositol 1,4,5-trisphosphate and diacylglycerol. PIP2 is known to modulate ion channels
through electrostatic force between its negatively charged inositol head and a pocket formed by cationic
residues in a channel protein. For instance, cationic residues in TRPP3, TRPM4, TRPM8, and TRPV1 have
been identified to be part of the PIP2-binding pocket (Nilius et al., 2008; Zheng et al., 2018a). PIP2 may exert
an inhibitory or stimulatory effect on a TRP channel. For example, PIP2 stimulates the function of TRPVS5,
TRPV6, TRPM4, TRPM5, TRPM7, and TRPM8 whereas it inhibits TRPP2 and TRPP3 (Hughes et al., 2018;
Ma et al., 2005; Zheng et al., 2018a). The effect of PIP2 on TRPV1 may be stimulatory or inhibitory, depend-
ing on experimental conditions (Lukacs et al., 2007). Based on a rabbit TRPV5 cryo-EM structure resolved
with the analogue diCs-PIP2 present in the nanodiscs, it was suggested that PIP2 would bind to residues in
the N terminus, S4-S5 linker, and TRP domain (Hughes et al., 2018).

In the present study, we characterized intramolecular interactions among the $4-S5 linker, TRP, and pre-S1
helices of TRPV6 by means of co-immunoprecipitation (co-IP), in vitro pull-down, and co-immunofluores-
cence (co-IF). We examined how they modulate the TRPVé channel function by the two-electrode
voltage-clamp electrophysiology in Xenopus oocytes and Ca imaging in mammalian cells. We also identi-
fied TRPV6 residues involved in these interactions or PIP2 binding and determined how PIP2 modulates
TRPV6 intramolecular interactions through which it activates TRPVé.

RESULTS

Functionally Critical Residues in the $4-S5 Linker and TRP Helix of TRPV6

Pathogenic mutations have been found in the S4-S5 linker of several TRP channels such as TRPV4, TRPAT1,
TRPM4, and TRPML1 (Dai et al., 2010; Goldin et al., 2004; Kremeyer et al., 2010; Stallmeyer et al., 2012).
However, the mechanism of how the linker exercises its functional importance is largely unclear. Based
on the proximity of the TRPV4 S4-S5 linker to the C-terminal TRP helix (McGoldrick et al., 2018) we exam-
ined the functional relevance of the residues that may be involved in the physical arrangement. For this we
first substituted aromatic and charged residues with alanine in this region of human TRPV6 and examined
the channel function of the resulting mutants using the two-electrode voltage clamp in Xenopus oocytes in
extracellular solutions containing 1 mM niflumic acid to block the endogenous Ca-activated Cl channels
(Huang et al., 2012; Peng et al.,, 1999, Wang et al., 2019), similarly as we recently did for TRPP2 with or
without co-expression of PKD1 in oocytes (Wang et al., 2019). Under this condition, steady-state currents
elicited by extracellular Ca (5 mM) relative to the solution containing impermeable N-methyl D-glucamine
served as a TRPVé function readout. We found that each of the mutations R470A and F478A in the $4-S5
linker (Figure STA) substantially increases Ca-induced steady-state currents without affecting the plasma
membrane expression in expressing oocytes (Figures 1A, 1B, and S1B). Because fragment 593-WRAQI-
597 within the TRP helix is located proximal to the S4-S5 linker under cryo-EM conditions (Figure S1C),
we tested the function of TRPV6 mutants W593A and R5%94A and found that mutant W593A, but not
R594A, exhibits substantially activated channel function compared with wild-type (WT) TRPV6 given the un-
affected surface membrane expression by these mutations (Figures 1A and 1B). We further generated
R470F, W593F, and W593Y mutants and found that they have similar or reduced function compared with
WT channel (Figures S1D and S1E), which presumably means the presence of an interaction between sites
470 (or 478) and 593, possibly of a 7t-7t or 7-cation interaction. Consistently, Na currents, serving as another
function readout of TRPV6, mediated by mutants R470A and W593A increased 4.3- and 3.5-fold (Figure S2).
In summary, we found that residues R470 and F478 in the linker and W593 in the TRP helix are required to
maintain TRPV6 channel at its basal function (i.e., prevent it from activation), suggesting their involvement
in the linker/TRP helix association.

Interaction between the S4-S5 Linker and TRP Helix

We next examined the S4-S5 linker to TRP helix (referred to as L/C) interaction by co-IP assays using the
linker-containing peptide LP (amino acid (aa) V465-F493) and full-length (FL) TRPVé co-expressed in oo-
cytes. We found that LP indeed associates with TRPV6 and that the association is substantially reduced
in the presence of the R470A mutation in LP or the W593A mutation in TRPV6 (Figure 1C) but remains un-
affected by the F478A mutation in LP (Figure S3). These data indicate that R470 and W593 mediate the LP/
TRPVé6 interaction, presumably by forming an R470:W593 cation-w bond. We also documented the L/C
interaction by examining colocalization of LP or C-terminal TRP helix-containing peptide CP (aa W583-
V602) with FL TRPVé6 using co-IF with whole oocytes. FL TRPV6, but not peptide LP or CP, was localized
on the surface membrane of oocytes when expressed alone, as expected (Figure 1D). Both LP and CP
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Figure 1. Roles of Residues in the TRPV6 S4-S5 Linker and TRP Helix in Channel Function, L/C Interaction, and L/C
Co-localization

(A) Representative whole-cell current traces obtained from Xenopus oocytes expressing human TRPV6 or a mutant (as
indicated), measured by two-electrode voltage clamp. Oocytes were clamped at —50 mV and perfused with an N-methyl
D-glucamine (NMDG)-containing solution (100 mM NMDG, 2 mM KCl, 0.2 mM MgCl,, 10 mM HEPES at pH 7.5) with
(NMDG + Ca) or without (NMDG) 5 mM CaCl,, with the presence of 1 mM NFA throughout. Ca-induced currents were
measured as a time point indicated by arrows. Ctrl, water-injected oocytes.
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Figure 1. Continued

(B) Upper panel: normalized Ca-activated currents obtained as in (A). Data were averaged from N = 10-14 oocytes from
three batches. ***p <0.001 and ns (not significant) when compared with WT, by Student's t test. Currents were normalized
to the mean current for WT TRPVé. Statistical significance was examined using Student’s t test. Lower panel:
representative surface and total expression of WT and mutant TRPV6 by biotinylation, with B-actin as loading controls.
Protein markers (in kDa) were labeled.

(C) Left panel: representative co-IP data from FL TRPV6 and HA-tagged TRPV6 LP with or without an indicated mutation.
Right panel: data from three independent co-IP experiments were quantified, normalized, and averaged. **p <0.01; *** <
0.001, compared with dark gray group, by Student’s t test.

(D) Representative images showing co-localization of LP or CP with FL TRPV6 by co-IF using oocytes expressing FL TRPV6
or a peptide, with or without a mutation. Scale bar, 50 pm.

(E) Upper panel: representative data from a His pull-down assay showing binding between (E. coli) purified GST-tagged
human TRPV6 S4-S5 linker peptide (GST-LP) and His-CP1 with or without an indicated mutation. Lower panel: data from
three independent in vitro binding experiments were quantified, normalized, and averaged. *p < 0.05; **p < 0.01,
compared with dark gray group, by Student’s t test.

(F) Representative Ca-induced currents in oocytes expressing FL TRPV6 with or without indicated peptide. Data were
normalized and averaged from 10 to 11 oocytes from three batches. **p < 0.01; ***p < 0.001, by Student’s t test. Data are
presented as mean + SEM.

were localized on the surface membrane when co-expressed with WT TRPV6. LP failed to be on the surface
membrane when it contains mutation R470A or when there is mutation W593A in TRPV6, but mutation
F478Ain LP had no effect, suggesting that TRPVé retains LP to the surface membrane through their binding
mediated by the R470:W593 pair. Interestingly, each of the mutations W593A in CP and R470A in TRPV,
which is assumed to disrupt the L/C interaction, failed to affect the surface membrane targeting of CP (Fig-
ure 1D, last two columns), suggesting the possibility that CP can bind with TRPV6 through another site,
which will be examined in the next section.

We further documented the L/C interaction by in vitro pull-down experiments using purified (from E. coli)
glutathione S-transferase (GST)-tagged LP and His-tagged C-terminal peptide CP1 (aa M578-L677) that
contains the TRP helix, to further characterize the interaction. We found that the two peptides directly
bind with each other and that the binding is significantly reduced by the R470A mutation in LP or the
W593A mutation in CP1 (Figure 1E). Our data together suggested that the S4-S5 linker directly binds
with the TRP helix possibly through the R470:W593 pair, which is required to maintain TRPVé6 channel func-
tion at its basal levels and prevent channel activation (Figures 1A and 1B).

We next utilized a blocking peptide strategy to further document the functional importance of the
R470:W593-mediated L/C interaction. For this we co-expressed LP or CP with FL TRPVé in oocytes and
reasoned that over-expressed LP or CP would disrupt the intramolecular L/C binding within the TRPV6 pro-
tein and thus activate TRPVé. Indeed, LP and CP significantly increased TRPVé6 channel function (Figure 1F)
without affecting its surface expression (Figure S4). Mutant peptide LP-R470A did not stimulate TRPV6
function (Figure 1F) as expected because of lack of physical binding between them (Figures 1C and 1E),
whereas CP-W593A continued to activate TRPVé6 channel (Figure 1F), which is consistent with its co-local-
ization with TRPVé (Figure 1D). It is noted that a blocking peptide may induce functionally important struc-
tural changes in addition to disrupting the L/C binding, which requires further investigations. Also, there
might be other residues in the S4-S5 linker and TRP helix that are involved in the L/C interaction but
they do not seem to be as essential as the R470-W593 pair whose involvement has been verified by several
pieces of data. In summary, our data using the blocking peptide strategy further supported the autoinhi-
bitory role of R470:W593-mediated intramolecular L/C interaction in TRPVé6.

Interaction between the Pre-S1 and TRP Helices

Given the proximity between W321 and 1597 in the intracellular pre-S1 and TRP helices, respectively, re-
vealed by TRPV6 structures (Figure S1C) (McGoldrick et al., 2018; Saotome et al., 2016), we first tested
the functional roles of W321 and 1597 and found that mutants W321A and 1597A both exhibit substantial
channel activation (Figures 2A-2C). In agreement with Ca activation, we determined the Na currents of
these two mutants (Figure S2). Both mutants showed a significantly larger Na current (3.0- to 4.0-fold)
compared with WT. The discrepancies in the fold change in the Ca and Na currents might be due to
increased Ca selectivity of the gain-of-function mutants compared with WT channel. Furthermore, we
also employed human embryonic kidney (HEK293) cells in combination with Fura-2 Ca fluorimetry as a
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Figure 2. Characterization of Functional Critical Residues in the pre-S1 and TRP Helices of TRPV6 in Oocytes and
HEK293 Cells

(A) Representative Ca-induced current traces recorded in oocytes expressing a mutant TRPVé, as indicated.

(B) Normalized Ca-activated currents obtained at —50 mV from WT or an indicated mutant TRPV6. Data were averaged
from 10 to 12 oocytes from three batches. ***p < 0.001, by Student's t test.

(C) Upper panel: representative data showing the surface and total expression of TRPV6 and mutants measured by
biotinylation and western blot (WB). Lower panel: data from three independent experiments were quantified, normalized,
and averaged. ns, not significant compared with WT.

(D) Time dependence (0-600 s) of the intracellular Ca concentration ([Ca];) traces in HEK293 cells expressing human WT or
a mutant TRPV6 determined as the F340/F380 ratio by Fura-2 ratiometric Ca imaging, before and after application of
2 mM extracellular Ca (Ca,). Averaged traces were obtained from 44 to 81 cells from 6 to 10 batches, as indicated.
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Figure 2. Continued

(E) Averages of basal Ca levels determined from (D) at a time point between 1 and 100 s (indicated by an arrow) before Ca
application. Averages of steady-state Ca levels determined at a time point between 500 and 600 s (indicated by an arrow)
in the presence of Ca. ***p < 0.001, by Student’s t test.

(F) Representative WB data showing surface and total expression of WT and mutant TRPV6 in HEK293 cells. Data are
presented as mean + SEM.

readout of the Ca influx to examine the functional importance of residues W321 and W593. We found that
expression of mutant W321A or W593A results in significantly increased intracellular Ca levels, with or
without extracellular Ca, compared with WT TRPVé (Figures 2D-2F), indicating that both are activated mu-
tants, in agreement with our data using oocytes. The increased basal intracellular Ca levels in cells express-
ing mutant W321A or W593A should presumably be due, at least in significant part, to Ca entry during in-
cubation with Ca-containing culture medium. Interestingly, we additionally found that expression of
W321A or W593A mutant significantly induces more death both in oocytes and HEK293 cells (Figure S5),
similar to a previous study on the TRPV5 gate hinge mutant (van der Wijst et al.,, 2017), indicative of
gain-of-function nature of these mutants.

These data suggest the possibility that the W321:1597 pair forms a bond, plausibly by a van der Waals force,
to mediate physical interaction between pre-S1 and TRP helix (referred to as N/C interaction) that is
required to prevent TRPV6 channel activation. We reasoned that disrupting and re-establishing the
bonding at 321:597 should result in activation and “rescue” of function, respectively. For this we tested mu-
tants W3211 (no bonding by the I:l pair), I597W (W:W bonding), and double mutant W321I-I597W (rescued
[:W bonding, versus W:l bonding in WT TRPVé) and indeed found that W321l is an activated mutant,
whereas the other two have comparable channel function as WT TRPVé (Figures 3A and 3B). The function
"rescue” of mutant W3211-1597W possessing the I:W bonding strongly supported the concept that the
W321 directly interacts with 1597 rather than indirectly affecting the bonding formed by another pair of res-
idues in pre-S1 and TRP helices. To provide further documentations, we mutated W321 or 1597 to anionic
glutamic acid to break down the hypothetical bond within the pair and indeed found that both mutants
W321E (E:l) and I597E (W:E) exhibit substantial channel activation (Figures 3C and 3D). Furthermore, intro-
duction of a cationic residue R to the other side of the pair in these two mutants, which generated double
mutants W321E-I1597R (E:R) and W321R-I597E (R:E), significantly rescued the channel function to its basal
levels (Figures 3C and 3D), possibly by forming a salt bridge. These data together strongly supported
the possibility that the W321:1597 pair mediates the N/C binding that is autoinhibitory for TRPVé.

We next investigated the N/C interaction by co-IP assays and found that TRPV6 N-terminal peptide NP (aa
T298-P327) containing the pre-S1 helix and FL TRPVé6 are in the same complex in oocytes and that the com-
plexing is disassembled by the W321A mutation in NP or the I597A mutation in TRPVé6 (Figure 4A), which
supports the involvement of the W321:1597 pair in the interaction. By in vitro pull-down assays using puri-
fied TRPV6 N-terminal peptide NP1 (aa H228-P327) and C-terminal peptide CP1 that contains pre-S1 and
TRP helix, respectively, we found that NP1 directly associates with CP1 and that the association is disrupted
in the presence of mutation W321A in NP1 or I597Ain CP1 (Figure 4B), supporting that W321:1597 mediates
direct binding between NP1 and CP1. We also used NP to precipitate the TRPV6 N-terminal truncation
mutant (TRPV6-AN, aa Y328-1725) that lacks the N/C binding within the molecule, to further document
the relationship between the N/C binding strength and channel function and found that the N/C binding
strength inversely correlates with the channel activity (Figures 4C and 4D).

We also investigated the N/C interaction by co-IF experiments using whole oocytes. Peptide NP was co-
localized on the surface membrane with WT TRPVé, and this co-localization was disrupted by mutation
W321A in NP or I597A in TRPVé (Figure 4E). These data strongly supported that the W321:1597-mediated
NP/TRPV6 interaction retains NP on the surface membrane. We noticed that mutation W321A in TRPV6 or
I597A in CP, which presumably disrupts the TRPV6/CP, fails to dissociate CP from the surface membrane
(Figures 4E and 1D), probably because CP can still bind to the $4-S5 linker within TRPVé6. Indeed, double
mutation W593A-1597A in CP was then sufficient to bring CP down from the surface membrane. These data
together thus nicely supported that the autoinhibitory N/C interaction is mediated by the W321:1597 pair.

We further documented the N/C interaction and its functional roles using our blocking peptide strategy.

Similar to LP and CP, expression of NP significantly stimulated the TRPV6 channel activity without altering
the surface membrane targeting (Figures 4F and S4), consistent with the assumption that NP acts as a
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Figure 3. Functional Rescues by Mutations at the W321:1597 Pair

(A) Normalized Ca-activated currents at —50 mV showing functional rescues by the W:l to I:W mutation (W321I-1597W).
Data were averaged from 9 to 11 oocytes from three batches. ***p < 0.001, by Student's t test.

(B) Upper panel: representative data from a biotinylation assay showing the surface and total expression of TRPV6
proteins in (A). Lower panel: data from three independent experiments were quantified, normalized, and averaged. ns,
not significant compared with WT.

(C) Normalized Ca-activated currents obtained from TRPV6-expressing oocytes. Data were averaged from three batches
of oocytes (N = 10-11). ***p < 0.001, by Student’s t test.

(D) Upper panel: representative biotinylation data on TRPV6 mutants in (C). Lower panel: data from three independent
experiments were quantified, normalized, and averaged. Data are presented as mean + SEM.

blocking peptide that weakens the intramolecular L/C binding within the TRPV6 molecule. The W321A mu-
tation in NP abolished its stimulating effect, whereas only double mutation 1597A-W593A in CP, but not
each of the single mutations, abolished its stimulating effect (Figures 1F and 4F). This is presumably
because when CP only carries single mutation I597A (or W593A), it can still competitively reduce the
TRPV6 intramolecular L/C (or N/C) binding to activate TRPV6, whereas when CP carries the double muta-
tion, it can no longer bind with TRPVé6 (and thus no longer has functional effect). Therefore, these data
together strongly supported that each of the N/C and L/C interactions is functionally autoinhibitory and
that disruption of either interaction leads to channel activation.

We next wanted to examine whether the TRPVé intramolecular L/C and N/C interactions are independent
of each other. Because NP precipitated more mutant TRPV6-W321A than WT channel (Figure S6), likely due
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Figure 4. Roles of the W321:1597 Pair in the N/C Interaction, Colocalization, and Channel Function of TRPV6 and

Dependence between the N/C and L/C Interaction

(A) Upper panel: representative co-IP data from oocytes co-expressing full-length (FL) TRPV6 and FLAG-tagged TRPV6
NP with or without a mutation, as indicated. Lower panel: data from three independent co-IP experiments were

8 iScience 23, 101444, September 25, 2020

iScience



iScience

Figure 4. Continued

quantified, normalized, and averaged. By Student’s t test, comparison with dark gray group. *p < 0.05; **p < 0.01, by
Student'’s t test.

(B) Upper panel: representative data from His pull down showing binding between purified GST-tagged human TRPVé
N-terminal peptide (GST-NP1) and His-tagged human TRPVé C-terminal peptide (His-CP1), with or without an indicated
mutation. Lower panel: data from three independent in vitro binding experiments were quantified, normalized, and
averaged. **p < 0.01; ***p < 0.001.

(C) Representative co-IP data obtained using FLAG-NP to precipitate TRPV6-AN, carrying an indicated mutation at 321
and 597, respectively.

(D) Inverse correlation between normalized binding strength (y) and normalized Ca-induced steady-state current (x). Data
from three independent experiments as in (C) were quantified, normalized, and averaged. Curve represents the best fit
using the inverse function y = a/x, with a = 1.06 and correlation coefficient R = 0.97.

(E) Representative co-IF images from oocytes expressing FL TRPV6 or a peptide, with or without mutation. Scale bar,
50 pm.

(F) Representative Ca-induced currents at —50 mV from oocytes expressing FL TRPV6 with or without indicated peptide.
Data were normalized and averaged from 10 to 11 oocytes from three batches. **p < 0.01 and ***p < 0.001, by Student’s t
test.

(G) Upper panel: representative co-IP data accessing the N/C interaction obtained using oocytes expressing FLAG-
tagged NP and FL TRPV6-W321A (Ctrl) carrying mutation R470A or W593A, as indicated. Lower panel: data from three
independent experiments as in the upper panel were quantified, normalized, and averaged. **p < 0.01 and ***p < 0.001,
by Student’s t test.

(H) Left panel: representative co-IP data assessing the L/C interaction obtained from oocytes expressing HA-LP and FL
TRPV6-R470A (Ctrl) carrying mutation W321A or I1597A, as indicated. Right panel: data from three independent
experiments as in the left panel were quantified, normalized, and averaged. Data are presented as mean + SEM.

to the absence of the N/C interaction within the TRPV6-W321A protein, we next utilized TRPV6-W321A for
assessing the NP/TRPVé interaction. By co-IP assays we found that either mutation R470A or W593A, which
removes the intramolecular L/C interaction within TRPV6-W321A, almost abolishes the NP/TRPV6 (N/C)
interaction (Figure 4G), indicating that the L/C interaction is required for the maintenance of the N/C inter-
action. Similarly, we utilized TRPV6-R470A for the assessment of the LP/TRPV6 interaction. In contrast, none
of the W321A and I597A mutations, which disrupts the N/C interaction within TRPV6-R470A, affected the
LP/TRPV6 (L/C) interaction (Figure 4H), indicating that the N/C interaction is not required for the L/C inter-
action. Thus, it seems that the N/C interaction is downstream of the L/C interaction in a regulatory relay in
TRPV6.

Rescue of Trpv5/6 Knockdown-Derived Defects in Zebrafish by TRPV6 Activated Mutant

We next examined potential rescue effect of human TRPVé-activated mutant W593A in vivo in zebrafish.
A zebrafish homolog Trpv5/6 loss-of-function mutant R304X was previously found to result in loss of
notochord tip ossification, a defective bone formation (Vanoevelen et al., 2011). We mimicked this con-
dition by knocking down Trpv5/6 using CRISPR-Cas? technique and confirmed by sequencing (Figure 5A).
A significant 77% reduction in Trpv5/6 mRNA expression was found in CRISPR-Cas9-injected embryos
(Figure 5B). Using Alizarin red S staining we found that larval fish at 7 days post-fertilization with
Trpv5/6 knockdown exhibits much increased likelihood of developing loss of ossification at the noto-
chord tip (Figure 5B). We then examined the effect of human TRPVé-activated mutant W593A on fish
bone formation through mRNA co-injection into embryos. It was observed that 10 pg W593A mutant
mRNA significantly rescued the bone abnormality, whereas 10 and 30 pg WT TRPV6 mRNA had no
rescuing effect (Figure 5C), indicating that mutant W593A acts as an activated (or gain-of-function)
mutant in vivo in zebrafish.

Characterization of the PIP2/TRPV6 Binding

PIP2 was previously reported to up-regulate, and is required for, TRPV6 channel function (Thyagarajan
et al., 2008; Zakharian et al., 2011). However, the mechanism of regulation and the PIP2-binding sites in
TRPV6 are not well understood (Hughes et al., 2018). We examined the PIP2/TRPV6 binding by lipid dot
blot assays using lysates of TRPVé-expressing oocytes, E. colipurified GST-NP1 and His-CP1, and PIP2 anti-
body for detection. We found that water-soluble PIP2 analogue diCg-PIP2 binds to TRPV6 and CP1, but not
NP1 (Figure 6A). Because PIP2 was known to bind with cationic residues in other TRP channels (Nilius et al.,
2008), we neutralized all cationic residues in the $S2-S3 linker, inner S5 helix, and CP1 by glutamine substi-
tution to test their involvement in PIP2 binding. We found that K484Q, R589Q, and R632Q, but not the other
mutations, decrease the channel activity compared with WT TRPVé (Figures 6B, S7, and S8). We and other
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Figure 5. Rescue Effect of TRPV6-Activated Mutant W593A on Trpv5/6 Knockdown-Induced Bone Abnormality in
Zebrafish

(A) Left panel: schematic representation of the Trpv5/6 gene/protein domain architecture and CRISPR target site. The
gene loci are shown with coding exons (gray boxes) and introns (solid black lines), with large introns not drawn to scale.
The position of the CRISPR target site sequences at the beginning of exon 2 in Trpv5/6 is indicated, and the predicted
truncated proteins in the mutant lines are drawn above. Right panel: sequencing of WT and Trpv5/6 mutant fish at 3 days
post-fertilization (dpf). Red lines indicate CRISPR target sites.

(B) Upper left panel: Trpv5/6 mRNA was detected by qPCR. The total RNA isolated from 5 dpf WT or Trpv5/6 mutant
embryos (>10 embryos/sample) from three batches. Representative images of 7 dpf zebrafish embryos with cartilage (red)
and bone (blue) staining. The notochord tip is indicated by an arrow. “Loss of ossification” was from an embryo injected
with Trpv5/6 single guide RNA (sgRNA) and water, whereas “rescue” was from an embryo co-injected with sgRNA and 10
pg human TRPV6 W593A mutant mRNA. Ctrl, from a WT embryo. *p < 0.05, by Student’s t test.

(C) Fold change in the intensity in zebrafish notochord tip from indicated groups. Data were averaged from 11 to 18
embryos from three independent experiments. Ctrl, control zebrafish; KD, CRISPR-Cas%-injected Trpv5/6 knockdown
zebrafish. *p < 0.05 and ***p < 0.001, by Student's t test. Data are presented as mean + SEM.

groups have previously employed PIP2 monoclonal antibodies to precipitate TRP and other channels
(Hamilton et al., 2014; Huang et al., 1998, 2013; Zheng et al., 2018a). By a similar approach we found that
each of the K484Q, R589Q, and R632Q mutations but not the R628Q mutation (Ctrl) abolishes the PIP2/
TRPV6 interaction (Figure 6C), consistent with the functional data (Figure 6B). We also found that the
W321A or W593A mutation has no effect on the PIP2/TRPV6 binding (Figure S9), which further indicates
that the two residues are not part of the PIP2 binding pocket. Furthermore, we found that diCg-PIP2, in-
jected into oocytes by a third electrode, increases Ca-induced steady-state currents by nearly 13-fold in
oocytes expressing WT TRPVé6 but only by 2.3- to 4.2-fold in those expressing one of the three mutants (Fig-
ure 6D). Consistently, we found that these three mutants are more sensitive to PIP2 depletion by wortman-
nin than WT channel and that neutralization of all the three residues abolishes the channel function (Figures
6E and 6F). While according to the structural data, R632 locates in distal C terminus being away from inner
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Figure 6. Characterization of the Physical and Functional PIP2/TRPV6 Interaction

(A) Representative dot blot data obtained using diCg-PIP2 with lysates of oocytes expressing FL TRPV6, GST-NP1, His-
CP1, or none (Ctrl).

(B) Normalized Ca-induced currents obtained at —50 mV from oocytes expressing WT or a mutant TRPV6. Residues R409
and R414 are in the S2-S3 linker, K484 in the inner S5 helix, and the others within CP1. Data were normalized and averaged
from 10 oocytes from three batches. ***p < 0.001, by Student’s t test.

(C) Representative co-IP data obtained from expressing oocytes showing the effect of mutations on the PIP2/TRPV6
interaction.

(D) Representative co-IP data obtained using oocytes showing the interaction between PIP2 and TRPV6 mutant R628Q.
(E) Effects of mutations on the activation of TRPV6 by diCg-PIP2, assessed by Ca-activated currents obtained from
expressing oocytes. Fold change was calculated before and 10 min after injection of 25 nL diCg-PIP2 (5 mM) by a third
electrode (see Methods), for an estimated final intracellular diCg-PIP2 concentration of 0.25 mM. Injection of 25 nL water
was carried out as control and had no significant effect on the channel activity. Shown data were averaged from N = 10
oocytes from three batches. ***p < 0.001, by Student’s t test.

(F) Ratios of monovalent currents from oocytes expressing WT or an indicated mutant after and before wortmannin
treatment. **p < 0.01, by Student's t test.

(G) Bar graphs of monovalent currents from oocytes expressing WT or indicated mutants. ***p < 0.001, by Student’s t test.
Data are presented as mean + SEM.

cell membrane and may not directly bind to PIP2. These data together showed that K484, R589, and R632
may be involved in PIP2 binding.

Modulation of TRPV6 Intramolecular Interactions by PIP2

Although the L/C and N/C interaction sites are not part of the PIP2 binding site, we wondered whether the
PIP2 regulates TRPV6 channel function by altering the L/C or N/C interaction indirectly. We found by co-IP
assays that addition of diCg-PIP2, but not lipid phosphatidic acid (as control), into lysates of oocytes
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Figure 7. Regulation of the TRPV6 L/C and N/C Interactions by PIP2
(A) Upper panel: representative co-IP data showing the effect of PIP2 on HA-LP/FL TRPVé6 interaction. Lower panel:

statistical data from three independent experiments as in upper panel after quantification and normalization. *p < 0.05, by
Student's t test.
(B) Upper panel: representative co-IP data showing the effect of PIP2 on the FLAG-NP/TRPVé6 interaction. Lower panel:
data from three independent experiments as in upper panel were quantified, normalized, and averaged. ***p < 0.001, by
Student’s t test.
(C) Upper panel: representative co-IP data showing the effect of PIP2 on the interaction of HA-LP with WT TRPV6 or triple
mutant K484Q/R589Q/R632Q (3Q). Lower panel: statistical data from three independent experiments as in upper panel
after quantification and normalization. **p < 0.01, by Student's t test.
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Figure 7. Continued

(D) Upper panel: representative co-IP data showing the effect of PIP2 on the NP/TRPVé6 interaction with or without 3Q
mutation. Lower panel: data averaged from three independent experiments as in upper panel after quantification and
normalization. **p < 0.01, by Student’s t test.

(E) Left upper panel: averaged Ca-induced currents obtained at —50 mV from expressing oocytes pre-incubated with
wortmannin (10 uM) or DMSO (control) for 1 h before measurements. Currents were averaged from 9 to 10 oocytes from
three batches. Left lower panel: representative WB data obtained from oocytes after the wortmannin or DMSO treatment,
as in the upper panel. Right panel: averaged Ca-induced steady-state currents obtained from expressing oocytes. Shown
representative data were averaged from 5 to 6 oocytes from one of the three independent experiments. ***p < 0.001, by
Student'’s t test. Data are presented as mean + SEM.

co-expressing TRPV6 and LP (or NP) reduces (or abolishes) the LP/TRPVé (or NP/TRPVé) interaction (Figures
7A and 7B). In contrast, diCg-PIP2 did not alter interaction either in the presence of triple mutation K484Q/
R589Q/R632Q (referred to as TRPV6-3Q) or even single mutation K484Q and R589Q (Figures 7C, 7D, and
510). These data indicated that PIP2 disrupts the two autoinhibitory L/C and N/C interactions by binding to
TRPVé protein thereby activating the channel. We also examined whether any of the four activated mutants
R470A, W593A, W321A, and I597A that correspond to the four residues mediating the L/C or N/C interac-
tion has altered sensitivity to PIP2 regulation. We utilized membrane permeable wortmannin, a PI4K inhib-
itor, to block PIP2 synthesis thereby depleting the endogenous PIP2 (Downing et al., 1996). Distinct from
WT TRPV§, none of the four mutants was inhibitable by wortmannin (Figure 7E), consistent with the conclu-
sion that PIP2 activates TRPV6 by disrupting the L/C or N/C interaction. As expected, when both interac-
tions were disrupted by alanine substitution, the resulting activated double mutant W321A-W593A can no
longer be inactivated by PIP2 depletion (Figure 7E). However, we should keep in mind that the functional
change in the double mutation might also be due to other structural changes that affect interaction with
PIP2.

Taken together, our study suggested that PIP2 binds to cationic residues in the inner S5 helix and C termi-
nus of TRPV6, which disrupts the R470:W593-mediated L/C and W321:1597-mediated N/C interactions,
thereby activating the channel.

DISCUSSION

The structure of TRPV6 has recently been resolved at high resolution by X-ray crystallography and cryo-EM,
which revealed physical proximity between different domains such as S4-S5 linker/TRP helix, pre-S1/TRP
helices, and S4/S5 transmembrane helices (McGoldrick et al., 2018; Saotome et al., 2016). However,
whether physical interaction is present between each pair and if yes, what is the underlying functional
role have remained unknown. Phospholipid PIP2 activates the TRPV6 function, but it is unclear to which res-
idues it binds TRPV6 and how it affects the protein conformation (Thyagarajan et al., 2008; Zakharian et al.,
2011). In the present study, we have characterized the physical interaction between the $4-S5 linker and TRP
helix (L/C interaction), and between the pre-S1 and TRP helices (N/C interaction), and showed that disrup-
tion of the L/C or N/C interaction, by mutations at binding sites or blocking peptides, results in substantial
activation of channel function, indicating that these intramolecular interactions present under basal condi-
tions are autoinhibitory (Figure 8). We found that the L/C and N/C interactions are not independent of each
other, with the L/C binding being a requirement for the N/C binding, but not reversely. We also identified
three cationic residues in TRPV6 involved in PIP2 binding and showed that the PIP2/TRPVé6 binding re-
presses the L/C and N/C association thereby suppressing the autoinhibition and activating the channel.
Taken together, our study revealed a relay "PIP2-L/C-N/C"” in TRPV6 that mediates the regulation of the
channel.

We previously reported the functional importance of a conserved glycine residue in the $4-S5 linker of
TRPV6, TRPC4, and TRPC5 (Beck et al., 2013; Hofmann et al., 2017). Functional importance of linker residues
L596 of TRPV4, E571 of TRPV1, and K856 of TRPM8 have also been reported (Teng et al., 2015; Voets et al.,
2007; Yang et al., 2015). Recently resolved cryo-EM structures of TRPV2-cannabidiol complex revealed that
the S4-S5 linker plays important roles in TRPV2 channel gating and activation induced by cannabidiol bind-
ing (Pumroy et al., 2019). The high-resolution cryo-EM structure of rat TRPV1, the first one in the TRP super-
family, displays close proximity of the S4-S5 linker and pre-S1 with TRP (or TRP-like) helix (Liao et al., 2013),
an architectural arrangement now known to be shared by several other TRPs (Grieben et al., 2017; Paulsen
etal., 2015; Saotome et al., 2016). However, it remains to be determined whether there is physical interac-
tion between them and what are the functional consequences of breaking down the assembly. In rat TRPV1,
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Figure 8. Schematic Model lllustrating the Mechanism of TRPV6 Activation-Autoinhibition

For simplicity, only the intracellular pre-S1 helix (N), S4-S5 linker (L), and TRP helix (C) of one TRPV6 monomer are shown.
The gate (or lower gate) is indicated. At the basal state, the autoinhibitory interactions among N, L, and C maintain the
channel at basal activity and prevent channel activation; an activating mutation or PIP2 binding disrupts the interactions
thereby activating the channel.

the S4-S5 linker was suggested to interact with the TRP helix through the F559:Wé97 pair forming a
hydrogen bonding (Liao et al., 2013). Although this has yet to be verified, it is noted that the TRPV1
W97 corresponds to the functionally important W593 in human TRPV6 (Figure STA). Homology modeling
proposed that hydrogen bonding mediated by the corresponding pair L596:W733 in TRPV4 maintains a
closed conformation (Teng et al., 2015). Indeed, both mutants L596P and W733R were found to be acti-
vated mutants, with increased open probability. However, this L596:W733 pairing was not seen in subse-
quently resolved TRPV4 crystal and cryo-EM structures (Deng et al., 2018). For TRPVé, the S4-S5 linker
was not resolved in the crystal structure initially (Saotome et al., 2016). Subsequent structural studies by
cryo-EM resolved the linker configuration and showed that the oxygen backbone of R470 is only 2.6 A
away from the indole ring of W593 (McGoldrick et al., 2018), consistent with our current finding of the
R470:W593-mediated L/C interaction. Interestingly, we found that the channel activity of mutant R470F
is comparable to WT channel (Figure S1D), whereas R470A is an activated mutant (Figures 1A and 1B).
These data are inconsistent with the formation of hydrogen bonding at R470:W593, as suggested based
on TRPVé structure (McGoldrick et al., 2018), because of the invariable oxygen backbone in residues R,
F, and A, but support the presence of an F470:W593 (presumably 7t-1t) bonding in mutant R470F and an
R470:W593 (presumably cation-rt) bonding in WT channel and the absence of an A470:W593 bonding.
Of note, structural data suggested an alternative hypothesis that R470 interacts with lipids to stabilize
the closed conformation of TRPVé4 through unclear mechanisms (McGoldrick et al., 2018). We propose
that lipid binding to R470 may competitively weaken the R470-W593 interaction, which opens the channel.
Accordingly, the R470A mutation would mimic an extreme condition of lipid-TRPV6 binding, which could
not be achieved physiologically, with total loss of the R470-W593 interaction, and acts as a gain-of-function
mutation (Figure 1B). Thus, it seems that a flexible 54-S5 linker may reflect a dynamic R470-W593 interaction
(i.e., functional regulation) in response to upstream signaling such as binding of PIP2 and other ligands to
TRPVé.

A salt bridge between K425 (pre-S1) and E709 (TRP helix) of rat TRPV1 was proposed based on cryo-EM
structure (Liao et al., 2013). Molecular dynamics simulations on TRPV4 suggested the presence of pre-S1
to TRP helix interaction through a salt bridge formed by the corresponding K462:E745 pair (Garcia-Elias
et al.,, 2015). However, mutation E745A that disrupts the putative bonding only had a moderate effect
on protein folding, with undetermined roles of the two residues in the channel function. Thus, whether
the K:E pair in TRPV1 and TRPV4 actually mediates the N/C binding and what is its functional role have
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yet to be determined. We recently characterized the functionally critical N/C interaction in TRPP3, TRPP2,
TRPMS, TRPV1, and TRPC4 that is mediated by a conserved residue W in pre-S1 and the last (cationic) res-
idue K(R) in the W(Y)xxxK(R) (x indicates any amino acid) motif of their TRP (or TRP-like) helix, presumably by
forming m-cation W:K(R) bonding (Zheng et al., 2018a), rather than a salt bridge based on a distance of 3.7 A
and 3.2 A between the pre-S1 and TRP helices in TRPV1 and TRPV4, respectively, revealed from structures
(Liao et al.,, 2013). In fact, the W residue in pre-S1 is conserved in all mammalian TRP members except
TRPML (with residue F), whereas the K(R) residue in the W(Y)xxxK(R) motif is shared by the majority of
the TRP members except TRPV4-V6, with the residue I(V) in the corresponding WxxxI(V) motif of TRPV6
and TRPV5. Thus, the mechanism of the W:I-mediated N/C interaction in TRPVé6 discovered in the present
study can be broadly interpreted as being shared by the W:K(R)-mediated N/C interaction in those other
TRP channels (Zheng et al., 2018a). Reversely, it would be interesting to determine in future studies whether
the TRPV6 L/C interaction is also shared by other TRP channels.

However, the TRPV6 N/C as well as L/C interaction is autoinhibitory, which is opposite to the N/C interac-
tion of TRPP3/P2/V1/M8/C4 channels in that disruption of the N/C interaction in these channels results in
loss of channel function (Zheng et al., 2018a). Also, the W321:1597 pair distance of 3.7 A (McGoldrick et al.,
2018) indicates the presence of weak van der Waals bonding, which would account for the detectable basal
channel activity of WT TRPVé (with W:I bonding), substantially activated activity with broken bonding (e.g.,
A:l), and inhibited activity in the presence of stronger 7t-1t bonding (W:W) or salt bridge (E:R) (Figure 3). This
is further supported by the fact that the channel activity was inversely correlated with the 321:597 bonding
strength (Figures 4C and 4D).

Although both the L/C and N/C interactions are functionally autoinhibitory, they are not independent of
each other. In fact, our co-IP experiments showed that the L/C binding is required for the N/C binding,
but not reversely (Figures 4G and 4H), which infers that the likelihood of the L/C binding would be higher
than that of the N/C binding, but not reversely. Indeed, LP/CP1 binding band was more intense than the
NP1/CP1 band (i.e., L/C binding is more likely than the N/C binding) (Figure S11). Disruption of either L/C
or N/C binding in TRPVé leads to channel activation, which is consistent with the activation of TRPV4 by
mutation W733R (Teng et al., 2015), but is opposite in TRPP3/TRPP2/TRPV1/TRPM8/TRPC4 in which dis-
rupting the N/C binding resulted in loss of function (Zheng et al., 2018a). In summary, the L/C and N/C inter-
action in TRPVé6 plays an autoinhibitory role in the prevention of channel activation; loss of either interaction
by mutations (at endogenous levels of PIP2) or increased PIP2 suppresses the autoinhibition, thereby acti-
vating the channel.

PIP2 has been found to positively or negatively regulate most TRP channels. By electrophysiology with cultured
cells PIP2 was shown to directly activate TRPVé6 (Cao et al., 2013; Thyagarajan et al., 2009; Zakharian et al., 2011),
which is consistent with our results (Figure é). Being negatively charged, PIP2 is known to bind with cationic res-
idues in the C terminus of several TRP channels including TRPC4, TRPC6, TRPV1, TRPV5, TRPM4, TRPMS, and
TRPMB8 (Nilius et al., 2008). Cationic residues involved in PIP2 binding have also been identified in the S4-S5 linker
of TRPV1 (Poblete et al., 2015). In contrast, although surface plasmon resonance analysis suggested the presence
of PIP2-binding cationic residues in the C terminus of TRPM1 and TRPM4 so far this has not directly been shown
by experimental data (Bousova et al., 2015; Jirku et al., 2015). We recently found that a C-terminal cationic res-
idue-rich domain (s94RLRLRKs99) and a conserved K residue in the TRP-like helix of TRPP3 form part of the PIP2
binding cassette (Zheng et al., 2018a). The specific PIP2 binding sites in TRPV6, however, have so far not been
well characterized, and PIP2 even failed to fit into the human TRPVé cryo-EM structure and surrounding lipid
(McGoldrick et al., 2018). A rabbit TRPV5 structure by cryo-EM revealed the involvement of the N-terminal
R302, K484 in the S5 helix and C-terminal R584 (corresponding to R302, K484, and R584 of human TRPV6) in
the PIP2/TRPV5 binding (Hughes et al., 2018). None of the R302Q and K484Q mutations in TRPV5 affected the
function, although they increased sensitivity to wortmannin (Hughes et al., 2018); in contrast, the K484Q mutation
in TRPV6 significantly reduced currents carried by monovalent cations (Hughes et al., 2018), supporting its
involvement in PIP2 binding. The involvement of K484, but not R584, in PIP2 binding is in fact consistent with
our functional data on TRPVé (Figure 6). The inconsistency on the two other residues might be due to differences
in the sequences (~70% amino acid identity with TRPV5) and experimental conditions. Our current study showed
that K484 in the inner S5 and R589 and R632 in the C terminus are involved in the PIP2 binding. Of note, according
to TRPV6 structural data (McGoldrick et al., 2018) residue R632 in the distal C terminus is far away from the inner
cell surface. Thus, the role of R632 in PIP2 binding may be indirect and requires further studies. Proximity of R589
to W593 and 1597, and of K484 to R470, may have rendered the PIP2 disruptive for the R470:W593-mediated L/C
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interaction, and thereby for the N/C interaction as well (Figure 4G). This is supported by our observation that PIP2
had no effectonthe L/C or N/Cinteraction in mutant TRPV6-3Q lacking the PIP2 binding. Thus, TRPV6 shares with
other TRPs (Zheng et al., 2018a) in terms of regulation by PIP2 in that PIP2 blocks the N/C interaction through
which it modulates the channel function.

TRPV6 cryo-EM structures suggested that a salt bridge between Q473 and R589 in the S4-S5 linker and TRP
helix, respectively, is present in an open conformation and that disruption of the interaction leads to chan-
nel closure (McGoldrick et al., 2018). In contrast, we found that R589 is involved in PIP2 binding and is thus
critical for PIP2-induced channel activation (Figure 6), whereas mutant Q473A has similar channel function
as WT TRPVé (Figure S12), which does not support the presence of a Q473:R589 salt bridge under our con-
ditions. This discrepancy may be due to differences in the experimental condition (cryo-EM versus oocyte)
and thus in the protein conformation (Shoemaker and Ando, 2018). In basal conditions where PIP2 is low,
TRP helix would be in firm association with the S4-S5 linker and pre-S1 helix, rendering the adjacent Sé to be
in an a-helix configuration. When cellular PIP2 is elevated, the PIP2/TRPV6 binding results in disrupted or
weakened L/C and N/C interaction, presumably leading to the a- to 7t-helix transition of S6 helix to activate
the channel, similar to that of TRPV3 (Singh et al., 2018). In contrast, the S6 helix of TRPP2 undergoes an
opposite, Tt- to a-helix transition to activate the channels (Zheng et al., 2018¢). However, all these TRP chan-
nels together seem to broadly share a common mechanism of channel activation, i.e., when the intramo-
lecular N/C (and L/C) binding is suppressed in TRPV6 (or increased in other TRPs), which forces the TRP
helix to be in a conformation that renders the adjacent S6 helix to be in a 7-helix (or a-helix in other
TRPs) configuration to allow activation.

In summary, our present study characterized the autoinhibitory TRPVé intramolecular L/C and N/C interac-
tions presumably mediated by cation-m and van der Waals bonding, respectively. PIP2 directly binds to
cationic residues in TRPV6 and suppresses the L/C and N/C interactions thereby activating TRPV6. There-
fore, the “PIP2-L/C-N/C" relay in TRPVé represents a novel molecular switch that mediates the regulation of
TRPV6 channel under physiological conditions.

Limitations of the Study

The present study characterized the autoinhibitory intramolecular L/C and N/C interactions in TRPV6 medi-
ated by the R470:W593 and W321:1597 residue pairs, respectively. However, we cannot exclude the possi-
bility that other residues be involved in the interactions. The blocking peptides used in the study may
induce unknown structural changes that need further examinations. The insensitivity of the gain-of-function
mutants to PIP2 depletion might be due in part to undetermined structural changes that may affect PIP2
binding to TRPVé.
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Figure S1. Membrane topology of TRPV channels, surface membrane expression and
proximity between key domains of TRPV6, related to Figure 1 and 2. (A) Upper panel:
membrane topology of TRPV channels with indicated key domains. Dashed lines indicate the
lipid membrane. Lower panel: sequences of the TRPV pre-S1, S4-S5 linker and TRP helices.



The four residues involved in intramolecular interactions are in bold. (B) Data from three
independent surface biotinylation experiments were quantified, normalized and averaged. ns,
not significant compared with WT. (C) Structural data (PDB: 6BOS8) showing proximity of
TRPV6 pre-S1 and S4-S5 linker to TRP helix, generated using PyMOL. The four key
residues are shown. (D) Bar graphs showing the channel function of WT or mutant TRPV6.
Normalized Ca-induced currents obtained at -50 mV from expressing oocytes. **p < 0.01;
*#%p < 0.001, by Student’s t test. (E) Representative images showing the surface and total
expression of indicated proteins. Data were averages from 10-12 oocytes from three batches.
Data are presented as mean = SEM.
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Figure S2. Na currents mediated by TRPV6 gain-of-function mutants, related to Figure
1 and 2. Left panel, representative membrane currents obtained using a jump protocol, as
indicated, in the presence of the extracellular solution Na or NMDG. Dashed lines indicate
the zero current level. Right panel, averaged plateau current amplitudes at -100 mV obtained
under the same experimental conditions as in the left panel (n = 10 from three batches). ***p
<0.001, by Student’s t test. Data are presented as mean + SEM.
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Figure S3. Effect of the F478A mutation within LP on LP/TRPV6, related to Figure 1.
Representative co-IP data showing interaction of HA-tagged LP with FL TRPV6
co-expressed in oocytes, with or without mutation F478A in LP.
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Figure S4. Effects of key domains on TRPV6 expression, related to Figure 1. Left panel:
representative data in oocytes showing effects of peptides NP, CP, LP on the surface and total
expression of WT TRPV6, revealed by biotinylation. Right panel: data from three
independent experiments were quantified, normalized and averaged. ns, not significant
compared with dark grey group. Data are presented as mean + SEM.
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Figure SS. Cell death induced by gain-of-function mutants, related to Figure 1 and 2.
Bar graphs showing death percentage in oocytes (A) and HEK293 cells (B) expressing WT or
mutant channel. *p < 0.05; **p < 0.01; ***p <0.001, by Student’s t test. (C) Representative
images showing healthy and dead (white arrows) oocytes expressing WT or a mutant channel.
Experiments were performed three times from three batches of oocytes. Data are presented as
mean + SEM.
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Figure S6. Effect of mutation W321A in TRPV6 on its interaction with NP, related to
Figure 4. Left panel: Representative co-IP data showing the effect of mutation W321A
within the TRPV6 pre-S1 domain on the NP/TRPV6 interaction. Right panel: statistical data
after quantification and normalization from three independent experiments. ***p < 0.001, by
Student’s t test. Data are presented as mean + SEM.
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Figure S7. Effect of the K320Q/K322Q/R323Q (QWQQ) triple mutation on the TRPV6
function, related to Figure 6. Ca-induced currents obtained from oocytes expressing WT or
triple mutant QWQQ TRPV6. Currents were averaged from 10 oocytes (three batches). Data
are presented as mean + SEM.
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Figure S8. Expression of WT and neutralized TRPV6 mutants, related to Figure 6.
Representative WB data showing the oocyte expression of WT and neutralized (glutamine
substituted) mutants used for function measurements (as in Fig. 6B).
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Figure S9. Importance of residues involved in the L/C or N/C binding for the
PIP2/TRPV6 binding, related to Figure 6. Representative co-IP data obtained using
expressing oocytes, showing the effect of mutation W321A or W593A on the PIP2/TRPV6

binding.
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Figure S10. Regulation of the TRPV6 L/C and N/C interactions by PIP2, related to
Figure 7. (A) Left panel: representative co-IP data showing the effect of PIP2 on the
interaction of HA-LP with WT TRPV6 or single mutant K484Q or R589Q. Right panel:
statistical data from three independent experiments as in the left panel after quantification and
normalization. ***p < 0.001, by Student’s t test. (B) Left panel: representative co-IP data
showing the effect of PIP2 on the NP/TRPV6 interaction in the presence of a Q mutation.
Right panel: data averaged from three independent experiments as in the upper panel after
quantification and normalization. ***p < (0.001, by Student’s t test. Data are presented as
mean + SEM.
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Fig. S11. L/C and N/C binding assessed by pull-down assays, related to Figure 4.
Representative data obtained from a His pull-down assay, showing the LP/CP1 and NP1/CP1
binding. GST-tagged pre-S1-containing human TRPV6 N-terminal peptide NP1 (GST-NP1),
S4-S5 linker-containing peptide (GST-LP), and His-tagged TRPV6 C-terminal peptide CP
(His-CP1) were expressed in and purified from E. coli.
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Fig. S12. Effect of Q473 A mutation on TRPV6 function, related to Figure 6. Ca-induced
currents obtained from oocytes expressing WT or Q473 A mutant TRPV6. Currents were
averaged from 10 oocytes (three batches). Data are presented as mean + SEM.



Transparent Methods
Plasmids, mutations, antibodies and chemical reagents

Human TRPV6 ¢cDNA was subcloned into Xenopus expression vector pPBSMXT-MCS.
For expression in HEK293 cells, human TRPV6 cDNA was subcloned into the mammalian
expression vector pMAX-GFP. QuickChange Lightning Site-Directed Mutagenesis kit
(Agilent Technologies, La Jolla, CA) was used to generate mutations, which were all verified
by sequencing. Antibody against TRPV6 was custom made in house, as previously described
(Fecher-Trost et al., 2013). Antibodies against B-actin, GST, His, HA and Flag were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Secondary anti-mouse, -rabbit
and -goat antibodies were purchased from GE Healthcare (Waukesha, WI). Wortmannin and
NFA were purchased from Millipore Sigma Canada (Oakville, ON) and diCg-PIP2 from
Echelon Biosciences (Salt Lake City, UT).

Xenopus oocyte expression

Capped RNAs encoding TRPV6 and peptides were synthesized by an in vitro
transcription T3 or T7 mMESSAGE mMACHINE kit (Ambion, Austin, TX) and injected
(25-50 ng per oocyte) into Xenopus oocytes prepared as described (Zheng et al., 2018b).
Oocytes injected with equal volumes of water served as control. After injection, oocytes were
incubated at 18 C for 1-2 days before experiments. The present study was approved by the
Ethical Committee for Animal Experiments of the University of Alberta and was carried out
in accordance with the Guidelines for Research with Experimental Animals of the University
of Alberta and the Guide for the Care and Use of Laboratory Animals (NIH Guide) revised in
1996.

Two-electrode voltage clamp electrophysiology

The two-electrode voltage clamp electrophysiology experiments in Xenopus oocytes
were performed as we described previously (Zheng et al., 2016; Zheng et al., 2018c). Briefly,
the electrodes (Capillary pipettes, Warner Instruments, Hamden, CT) that impale an oocyte
were filled with 3 M KClI for a tip resistance of 0.3-2 MQ. Unless otherwise indicated, an
NMDG-containing extracellular solution was used (in mM): 100 NMDG, 2 KCl, 0.2 MgCl,
and 10 HEPES (pH 7.5) with or without 5 mM CaCl, with the presence of 1 mM NFA, and
oocytes were clamped at -50 mV. The Na-containing solution was formed by replacing
NMDG with Na. On-site injection of diCs-PIP2 was performed by a third electrode after the
initial measurements. The second measurements were performed 10 min after the injection
(Zheng et al., 2018a). Unless described otherwise, measurements were performed when an
oocyte was voltage clamped and held at -50 mV. Whole-cell currents and membrane
potentials were recorded at room temperature and analyzed using a Geneclamp 500B
amplifier and Digidata 1322A AD/DA converter (Molecular Devices, Union City, CA)
together with the pClamp 9 software (Axon Instruments, Union City, CA). Current and
voltage signals were digitized at 200 ps/sample and filtered at 2 kHz through a Bessel filter.
SigmaPlot 13 (Systat Software, San Jose, CA) and GraphPad Prism 8 (GraphPad Software,
San Diego, CA) were used for data plotting.

Surface protein biotinylation

After 3-time washes with ice-cold PBS solution, Xenopus oocytes or HEK293 cells were
incubated with 0.5 mg/ml sulfo-NHS-SS-Biotin (Pierce, Rockford, IL) for 30 min at room
temperature. Non-reacted biotin was quenched using 1 M NH4CI. Oocytes or HEK293 cells
were then washed with ice-cold PBS solution and harvested in ice-cold CelLytic M lysis
buffer (Sigma) supplemented with proteinase inhibitor cocktail (Thermo Scientific, Waltham,
MA). With gentle shaking, lysates were incubated at 4 ‘C overnight upon addition of 100 pl
streptavidin (Pierce). The surface protein absorbed by streptavidin was resuspended in SDS



loading buffer and subjected to SDS-PAGE.

Whole oocyte immunofluorescence

Immunofluorescence assays using whole Xenopus oocytes were performed as described
(Zheng et al., 2018a). After PBS wash, 15 min fixation in 4% paraformaldehyde and 3-time
washes in PBS plus 50 mM NH4Cl, oocytes were permeabilized with 0.1% Triton X-100 for
4 min. PBS plus 3% skim milk was used to block oocytes for 30 min. Oocytes were then
incubated at 4 'C overnight with indicated primary antibodies (with Flag tag for NP, CP and
their mutants and HA tag for LP and its mutant), followed by incubation with secondary
Alexa-488-conjugated donkey anti-rabbit or Cy3-conjugated goat anti-mouse antibodies
(Jackson ImmunoResearch Laboratories, West Grove, PA) for 30 min. Oocytes were then
mounted in Vectashield (Vector Labs, Burlington, ON) and examined on an AIVI spinning
disc confocal microscopy (Cell Imaging Facility, Faculty of Medicine and Dentistry,
University of Alberta).

Co-IP and in vitro pull-down

Co-IP experiments were performed as we previously described (Zheng et al., 2018a).
Briefly, a group of 20-30 oocytes were washed with PBS and solubilized in ice-cold
CelLytic-M lysis buffer (Sigma) supplemented with proteinase inhibitor cocktail. After
centrifugation at 13,200 rpm for 15 min, supernatants were collected and precleaned for 1
hour (hr) with 50% protein G-Sepharose (GE Healthcare), followed by incubation with
antibodies at 4 C for 4 hr. The mixture upon the addition of 100 pl of 50% protein
G-Sepharose was incubated at 4 C overnight with gentle shaking. The immune complexes
conjugated to protein G-Sepharose were washed five times with Nonidet P-40 lysis buffer (1%
Nonidet P-40, 150 mM NaCl, 50 mM Tris, pH 7.5) and eluted by SDS loading buffer.
Precipitated proteins were loaded to SDS-PAGE gel and transferred to a PVDF membrane
(Bio-Rad, Hercules, CA), and then analyzed by WB.

GST- or His-tagged human TRPV6 peptides were purified from E. coli and incubated at
the same amount (2 pg) and solubilized in the CelLytic-M lysis buffer (Sigma). The mixture
was incubated at 4 C for 4 hr with gentle shaking, followed by overnight incubation after
addition of 10 pl 50% Ni-NTA agarose beads (Qiagen, Hilden, Germany). The beads were
then washed three times with PBS buffer supplemented with 1% Nonidet P-40, and the
remaining proteins were eluted using SDS loading buffer and resolved by SDS-PAGE and
transferred to PVDF membrane (Bio-Rad). His and GST antibodies were used to immunoblot
the membrane.

Ratiometric Ca imaging

HEK?293 cells plated on PLL-coated glass coverslips in the incubation medium were
loaded with 5 uM Fura-2-AM in the dark and incubated at 37°C for 30 min. Cells were then
washed with bath solution (in mM): 1 MgCl,, 2 CaCl,, 4 KCI, 140 NaCl, 10 HEPES, 10
glucose, pH adjusted to 7.2 with NaOH. CaCl, was replaced by MgCl; to form a nominal
Ca-free solution. An inverted microscope (Axiovert S100, Zeiss, Oberkochen, Germany)
equipped with a monochromator (Polychrome V, TILL-Photonics Graefelfing, Germany) and
a 20x Fluar objective (Zeiss) was used for all measurements. Fura-2 was alternately excited
at 340 nm and 380 nm for 30 ms every 2 s and the emitted fluorescence (>510 nm) was
recorded with a cooled charge-coupled device (CCD) camera (TILL Imago, TILL-Photonics).
F340 and F380 pictures were used to calculate the ratiometric images after background
correction, i.e. subtraction by the fluorescence intensity in a cell-free area corresponding to
340 and 380 nm excitation, respectively. Single cells were marked as regions of interest and
the F340/F380 ratio was plotted versus time. Monochromator, camera, acquisition and
analysis were controlled by TILLvisION software (TILL-Photonics).



Determination of death of HEK293 cells and oocytes

HEK?293 cells were suspended in the PBS solution two days post transfection. Cells were
stained with 0.08% trypan blue (Gibco, Waltham, MA). The cell death percentage was
calculated as the number of stained cells divided by the total number of cells measured by a
hemocytometer under microscopy. Oocytes were collected three days after mRNA injection.
The oocyte death percentage was determined as the number of unhealthy oocytes divided by
the total number of oocytes.

Knockdown of zebrafish Trpv5/6 by CRISPR-Cas9

Single guide RNAs (sgRNAs: CGGTGTCCTCCTGAAATCAT and
CCTGAAATCATGCCACCCGC) targeting the second coding exon of zebrafish Trpv5/6
(ENSDARTO00000127453.3) was designed and synthesized as previously described (Zhang et
al., 2019). The Cas9 protein was purchased from NEB (Ipswich, MA). Mixture of sgRNA
and Cas9 was injected into one-cell stage zebrafish embryos (sgRNA 150 pg/embryo and
Cas9 300 ng/embryo). The effect of injected CRISPR-Cas9 was confirmed by sequencing
(Sangon, Shanghai, China) and quantitative PCR (Q-PCR) using SYBR qPCR master mix
(Vazyme, Nanjing, China).

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions and extracted with RNeasy Min Elute Clean up kit (Tiangen,
Beijing, China). Reverse transcription reaction was performed using 1 pg of total RNA with
cDNA synthesis kit (Vazyme). The mRNA expression level was determined by Q-PCR and
Q-PCR Detection System (Applied Biosystems, Foster City, CA). Primers used were as
below: Trpv5/6-F: CCATCCTGCACCTGTTGGTTTT, Trpv5/6-R:
CATCCCTTGCAGCGAGTTTGAA. B-actin-F:
5’-CTCCCCTTGTTCACAATAACCTACTAATACACAGC; B-actin-R:
TTCTGTCCCATGCCAACCATCACTC. Gene expression was normalized to B-actin.

Genomic DNA was isolated from an individual 2 dpf embryo, as previously described
(Zhang et al., 2019). Genotyping was performed by PCR amplification of the region of
interest using the primers Trpv5/6-F: CCCTTTAACCTATTGGGTTTTACAG, Trpv5/6-R:
CATATTCAATCTAATAAGAACAATCAATGC. Mutations were confirmed by
sequencing.

Staining protocol was performed as previously reported (Vanoevelen et al., 2011; Walker
and Kimmel, 2007). Briefly, zebrafish embryos at 7 dpf were fixed in 4% formaldehyde
(Sigma) with shaking at room temperature for 2 hr. Embryos were then dehydrated in 50%
ethanol and stained with Alcian blue 8GX (Sigma) in 70% ethanol with 80 mM MgCl,. After
bleaching using 1% H,0O, and 1% KOH, embryos were washed in sodium tetraborate solution
and digested with trypsin for 1 hr. Embryos were then stained using Alizarin red S (Sigma) in
1% KOH and stored in 70% glycerol at 4 C. Pictures were taken using Nikon SMZ18 (Tokyo,
Japan). The notochord tip area was selected and the corresponding intensity quantified using
Imagel. Zebrafish experiments were carried out in compliance with the protocol specifically
approved for the use of laboratory animals of the Hubei University of Technology.

Statistical analysis

All statistical data in this study are expressed as mean = SEM (standard error of the mean)
from N measurements. Statistical significance was determined by two-sided paired or
unpaired Student’s t test. *, ** and *** indicate p < 0.05, 0.01 and 0.001, respectively; ns
indicates statistically not significant.
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