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G R A P H I C A L A B S T R A C T
� CaM inhibits the function of TRPP3.
� CaM N-lobe interacts with TRPP3 C-ter-
minal fragment I560–F621 and this
interaction is Ca2þ dependent.

� CaM inhibits the function of TRPP3
through promoting CaMK2's phosphory-
lation towards T591 on TRPP3.
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A B S T R A C T

Transient receptor potential (TRP) polycystin-3 (TRPP3) is a non-selective cation channel activated by Ca2þ and
protons and is involved in regulating ciliary Ca2þ concentration, hedgehog signaling and sour tasting. The TRPP3
channel function and regulation are still not well understood. Here we investigated regulation of TRPP3 by
calmodulin (CaM) by means of electrophysiology and Xenopus oocytes as an expression model. We found that
TRPP3 channel function is enhanced by calmidazolium, a CaM antagonist, and inhibited by CaM through binding
of the CaM N-lobe to a TRPP3 C-terminal domain not overlapped with the EF-hand. We further revealed that the
TRPP3/CaM interaction promotes phosphorylation of TRPP3 at threonine 591 by Ca2þ/CaM-dependent protein
kinase II, which mediates the inhibition of TRPP3 by CaM.
1. Introduction

The mammalian transient receptor potential (TRP) superfamily of ion
channels comprises six subfamilies: TRPC (canonical), TRPM (mela-
statin), TRPML (mucolipin), TRPP (polycystin), TRPV (vanilloid) and
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TRPA (ankyrin). TRP channels respond to a variety of stimuli, ranging
from temperature, natural chemicals, pH, to mechanical force (Vangeel&
Voets, 2019). TRPP3, also called polycystic kidney disease (PKD) protein
2 like 1 (PKD2L1), was first identified in 1998 (Nomura et al., 1998).
Although mutations in its homologue protein TRPP2 (or PKD2) and
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membrane receptor PKD protein 1 (PKD1) account for 15% and 80%,
respectively, of human autosomal dominant PKD (ADPKD) (Pei, 2003),
TRPP3 is unlikely involved in the disease. Despite of its wide tissue
distribution, including heart, skeletal muscle, brain, spleen, testis, retina
and liver (Nomura et al., 1998; Wu et al., 1998), its physiological roles
have not been well documented. TRPP3 forms a heterotetrameric chan-
nel with PKD protein 1 like 1 (PKD1L1) and 3 (PKD1L3) (DeCaen et al.,
2013; Ishimaru et al., 2006). The TRPP3/PKD1L1 complexing was re-
ported to control Ca2þ concentration in primary cilia through a
Ca2þ-dependent hedgehog signaling pathway, which seems to be
developmentally important (DeCaen et al., 2013; Delling et al., 2013).
TRPP3 regulates body fluid homeostasis and heart function during
pathological cardiac hypertrophy (Lu et al., 2018). TRPP3 in cerebro-
spinal fluid-contacting neurons is important for the maintenance of
natural curvature of the spine in zebrafish (Sternberg et al., 2018).

CaM is a ubiquitous Ca2þ-binding protein with four EF-hand motifs
forming two globular lobes (N- and C-lobes). Ca2þ binds to each lobe and
triggers a structural rearrangement that changes the affinity of CaM
binding to other target proteins such as voltage-gated Naþ, Kþ channels
(Gabelli et al., 2016; Wen & Levitan, 2002), cyclic nucleotide-gated
channels (Trudeau & Zagotta, 2002), and TRP channels (Mercado
et al., 2010). A growing body of reports have demonstrated the
involvement of CaM in the functional regulation of several TRP channels
(Hasan & Zhang, 2018), possibly through a shared mechanism. CaM
antagonist calmidazolium (CMZ) was reported to activate TRPP3 but
with an unclear mechanism (DeCaen et al., 2013; Park et al., 2018).

In the present study, we examined how CaM regulates TRPP3 channel
function by the two-electrode voltage clamp (TEVC) electrophysiology in
2

Xenopus oocytes. We characterized the interaction between CaM and
TRPP3 by means of co-immunoprecipitation (co-IP) and in vitro Pull-
down and examined the interplay among CaM, membrane-anchored
phosphatidylinositol 4,5-bisphosphate (PIP2) and Ca2þ/CaM-dependent
protein kinase II (CaMK2) with respect to the regulation of TRPP3.

2. Results

2.1. CMZ activates TRPP3 in Xenopus oocytes

By means of the TEVC electrophysiology in Xenopus oocytes we
verified that the channel activity of TRPP3 is enhanced by CMZ, an in-
hibitor of CaM (Fig. 1 A and B). The TRPP3 channel activity at �50 mV
was assessed by the current elicited by 5mMCa2þ in the Na þ -containing
bath solution that included 10 μM 2-[(4-methoxynaphthalen-2-yl)
amino]-5-nitrobenzoic acid (MONNA) to inhibit currents mediated by
endogenous Cl channels activated by Ca2þ entry, similarly as we did
previously (Cai et al., 2020; Wang et al., 2019). The stimulation effect of
CMZ was also observed in other membrane potentials using a voltage
ramp protocol (Fig. 1C). Of note, the basal TRPP3 channel activity,
assessed by the difference of current between Naþ-containing solution
and one that contains non-permeant NMDG, both in the absence of Ca2þ,
was also enhanced by CMZ to a similar extent (Fig. 1 D, E and F). This
CMZ-induced stimulation of the basal TRPP3 function is comparable to
what was reported for TRPP3 expressed in human embryonic kidney
(HEK) cells (DeCaen et al., 2013; Park et al., 2018). Our data suggested
possible involvement of CaM as a TRPP3 inhibitor.
Fig. 1. Effect of CMZ on TRPP3 channel function.
A. Representative whole-cell current traces obtained
from a water-injected oocyte (Ctrl) and one expressing
human TRPP3. Oocytes were clamped at �50 mV and
perfused with the Naþ-containing solution (“Naþ’’) (in
mM) (100 NaCl, 2 KCl, 1 MgCl2, 10 HEPES, pH 7.5), or
one added with 5 mM CaCl2 (“Naþ þ Ca2þ’’), in the
presence of 10 μM MONNA throughout. TRPP3 chan-
nel activity was measured as the Ca2þ-induced peak
current (“Naþ þ Ca2þ’’) (i.e., current at ‘‘Naþ þ Ca2þ’’
minus current at ‘‘Naþ’’). 10 μM CMZ was applied, as
indicated. B. Averaged Ca2þ-induced currents ob-
tained from Ctrl oocytes and those expressing TRPP3,
under the same experimental conditions as in panel A.
***p < 0.001. C. Representative I–V curves obtained
from a Ctrl and TRPP3-expressing oocyte, using a
ramp protocol (with voltages, in mV, as indicated)
applied at time points indicated by vertical bars in
panel A traces. D. Representative whole-cell current
traces recorded by TEVC at �50 mV from a Ctrl and
TRPP3-expressing oocyte. Oocytes were perfused with
Naþ-containing solution or one with equimolar N-
methyl-D-glucamine (NMDG) replacing Naþ (NMDG).
10 μM CMZ was applied, as indicated. E. Averaged Na
currents from Ctrl and TRPP3-expressing oocytes. *p
< 0.05. Na þ currents were determined as the differ-
ence between the plateau (“Naþ’’) and baseline
(“NMDG”) values. F. Representative I–V curves from a
Ctrl and TRPP3-expressing oocyte, using the ramp
protocol (as in panel C) applied at time points indi-
cated by vertical bars in panel E traces.
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2.2. The TRPP3/CaM physical association

We first tested whether CaM indeed regulates the TRPP3 channel
function. By co-expressing TRPP3 and CaM in oocytes, we found that
CaM substantially decreases both the basal and Ca2þ-activated currents
(Fig. 2A). To figure out whether CaM inhibited the TRPP3 channel
function or decreased the TRPP3 surface membrane expression we per-
formed biotinylation assays and found that CaM does not have significant
effect on the surface expression (Fig. 2B), indicating that CaM inhibits
TRPP3. These data also indicated that CMZ increases the TRPP3 channel
activity through inhibiting CaM. Given that CaM interacts with different
channels to regulate the channel function, we next wanted to investigate
whether CaM physically interacts with TRPP3. For this, we performed co-
IP assays using Flag-TRPP3 and HA-CaM for expression in oocytes and
found that they are indeed in the same complex (Fig. 2C). We also carried
out in vitro Pull-down assays using CaM-coated agarose beads to incubate
with lysates of TRPP3-expressing oocytes at different concentrations of
Ca2þ. We found that the TRPP3/CaM interaction is Ca2þ-dependent
(Fig. 2D). Besides, the TRPP3/CaM interaction was inhibited by CMZ
(Fig. 2E), further supporting that CMZ activates TRPP3 through antag-
onizing CaM.
2.3. The TRPP3/CaM binding is mediated by the CaM N-lobe and TRPP3
C-terminal fragment I560–F621

As a versatile Ca2þ sensor, CaM is capable of regulating various
processes through Ca2þ binding at its two different lobes (Chin&Means,
2000). To further elucidate the functional significance of the
Ca2þ-dependent TRPP3/CaM interaction we altered Ca2þ binding in CaM
mutants CaM12 (with double mutation D20A/D56A), CaM34
(D93A/D129A) and CaM1234 (quadruple mutation D20A/D56A/-
D93A/D129A), representing D-to-A mutations within the Ca2þ-binding
sites in the N-lobe, C-lobe and both lobes, respectively. We found that
3

each of CaM and CaM34, but not CaM12 or CaM1234, are able to inhibit the
TRPP3 channel function (Fig. 3A), while none of these mutants altered
the plasma expression of TRPP3 (Fig. 3B). These data indicated that Ca2þ

binding to the CaM N-lobe, but not the C-lobe, is critical for its regulation
of TRPP3 and supported the concept that the two lobes can work inde-
pendently (Stefan et al., 2008). We further found that the N-lobe, but not
the C-lobe, is important for the TRPP3/CaM binding. (Fig. 3C). Taken
together, the data indicated that the N-lobe of CaM mediates its binding
with and functional regulation of TRPP3.

We next wanted to identify the CaM-binding domain (CaMBD) in
TRPP3. CaMBDs in several TRP channels are located in the N- or C-ter-
minus and predicted to be mostly hydrophobic alpha helices (Gordon--
Shaag et al., 2008). It was predicted that CaM-binding site in TRPP3 is
located in the C-terminus (Park et al., 2019), but so far there have been
no supporting experimental data. We therefore generated TRPP3 trun-
cation mutants with deletion of the N-terminus (named P3ΔN) or
C-terminus (P3ΔC) and tested their interaction with CaM by Pull-down
assays using CaM-coated agarose beads. We found that mutant P3ΔN
but not P3ΔC exhibits similar strength of binding with CaM as WT TRPP3
(Fig. 3D), indicating that TRPP3 indeed contains a CaM-binding site in
the C-terminus. We also performed in vitro Pull-down experiments to
further document the TRPP3/CaM interaction. For this, we constructed
glutathione S-transferase (GST)-tagged CaM and His-tagged C-terminal
peptide I560–K660 (called His-P3CP) and purified from E. coli expres-
sion. By using GST and GST-tagged TRPP3 N-terminal peptide M1-L95
(GST-P3NP) as negative and positive controls, respectively (Zheng
et al., 2018), we confirmed that His-P3CP directly binds with GST-CaM
(Fig. 3E). We next wanted to examine whether the EF-hand motif
(H633-E668) within TRPP3 C-terminus plays a role in the interaction
with CaM. The EF-hand motif in the C-terminus of other channels was
reported to mediate binding with CaM (Ben Johny et al., 2013). We
found by co-IP and Pull-down experiments that, compared with WT
TRPP3, truncation mutant T622X that lacks the majority of the
Fig. 2. Effect of CaM on TRPP3 channel function
and physical interaction between TRPP3 and CaM.
A. Averaged basal (“Naþ’’) current and Ca2þ-activated
current (¼ current at “Naþ þ Ca2þ” minus current at
“Naþ’’) measured in Ctrl and TRPP3-expressing oo-
cytes, with or without CaM, using TEVC from three
independent experiments. Correspondingly, the Naþ-
containing solution with 5 mM CaCl2 (“Naþ þ Ca2þ’’)
or without Ca2þ (“Naþ’’) was used. **p < 0.01; ***p
< 0.001; by One-way ANOVA with Holm-Sidak's
correction. B. Left panel: representative surface and
total expression of TRPP3 and CaM determined by
biotinylation, with β-actin as a loading control. Right
panel: data from three independent experiments were
quantified, normalized, and averaged. ns: not signifi-
cant. C. Representative co-IP data of three indepen-
dent experiments, showing interaction between
TRPP3 and CaM. D. Representative CaM-Agarose Pull-
down data of three independent experiments, showing
direct TRPP3/CaM binding as a function of the Ca2þ

concentration. E. Left panel: representative CaM-
Agarose Pull-down data, showing the effect of CMZ
on the direct TRPP3/CaM binding. Right panel: data
from three independent experiments were quantified,
normalized, and averaged. ***p < 0.001.



Fig. 3. Domains of interaction between CaM and TRPP3. A-C. Flag-TRPP3 was expressed in oocytes alone or with HA-tagged WT or a mutant CaM (CaM12, CaM34

or CaM1234). A. Averaged basal (“Naþ’’) and Ca2þ-activated (“Naþ þ Ca2þ” minus “Naþ’’) currents from three independent experiments measured using TEVC in the
presence of the Na-containing solution with (“Naþ þ Ca2þ’’) or without (“Naþ’’) 5 mM CaCl2. *p < 0.05; ns: not significant. B. Surface and total expression of TRPP3
and CaM mutants determined by biotinylation as representative data of three independent experiments, with β-actin as a loading control. C. Representative co-IP data
of three independent experiments, showing the interaction between TRPP3 and a CaM mutant. D. Representative CaM-Agarose Pull-down data of three independent
experiments, showing direct interaction of CaM with WT TRPP3, P3ΔN or P3ΔC. E. Left panel: representative GST Pull-down data showing direct interaction of His-
P3CP with GST-tagged CaM with purified GST and GST-P3NP as negative and positive controls, respectively. Right panel: data from three independent experiments, as
in left panel, were quantified, normalized, and averaged. F. Representative co-IP data of three independent experiments, showing the interaction of HA-CaM with Flag-
TRPP3 (WT or mutant T622X). G. Representative GST Pull-down data of three independent experiments, showing the interaction of GST-CaM (with GST as control)
with Flag-tagged TRPP3 WT, truncation mutant T622X, or P3ΔC (Ctrl). H. Ca2þ-activated currents of WT TRPP3 or mutant T622X with or without CaM co-expression
in oocytes were averaged from three independent experiments in the Naþ-containing solution. ***p < 0.001; ns: not significant.
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C-terminus including the EF-hand motif has similar CaM-binding
strength (Fig. 3 F and G). Further, CaM had a similar inhibitory effect
on theWT TRPP3 and mutant T622X (Fig. 3H), indicating that EF-hand is
unlikely involved in CaM regulation. Taken together, these data indi-
cated that the TRPP3 C-terminal fragment I560–F621 is a CaM-binding
domain.
4

2.4. CaM and PIP2 competitively bind with TRPP3 but with distinct
mechanisms of inhibition

We recently reported that PIP2 interacts with the TRPP3 C-terminal
domain 594-RLRLRK-599, which disrupts the functionally critical intra-
molecular interaction between the N- and C-terminus of TRPP3 (called



Fig. 4. Relationship of CaM and PIP2 on TRPP3
regulation. A. Left panel: representative co-IP data
showing the effect of CaM on the interaction of diC8
PIP2 (a water-soluble dioctanoyl analog of PIP2) with
TRPP3, with TRPP3 4Q mutant (R594Q/R596Q/
R598Q/K599Q quadruple mutant) as a control. Right
panel: data from three independent experiments in left
panel were quantified, normalized, and averaged. **p
< 0.01. B. Left panel: representative GST Pull-down
data showing the effect of CaM on the interaction
between GST-P3NP and Flag-TRPP3 FL, with diC8
PIP2 as a positive control. Right panel: data from three
independent experiments, as in left panel, were
quantified, normalized, and averaged. **p < 0.01; ns:
not significant.
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the N/C binding), thereby inhibiting the channel function (Zheng et al.,
2018). Because 594-RLRLRK-599 is within the CaM-binding domain
I560–F621, it is possible that PIP2 and CaM interfere with each other
with respect to their binding to TRPP3 so that both exhibit an inhibitory
effect on the channel function. We found that CaM indeed significantly
reduces the TRPP3/PIP2 binding (Fig. 4A), in support of the possibility
that CaM and PIP2 compete with each other for physical binding with
TRPP3. We next wondered whether CaM, like PIP2 (Zheng et al., 2018),
inhibits TRPP3 through disrupting the N/C interaction. For this, we
assessed the TRPP3 N/C binding using purified GST-P3NP and
over-expressed full-length TRPP3 by GST Pull-down assays. Interestingly,
unlike PIP2, CaM had no significant effect on the N/C binding (Fig. 4B).
Taken together, our data indicated that CaM and PIP2 inhibit the TRPP3
channel function through distinct mechanisms even though they compete
with each other for binding with TRPP3.
2.5. CaMK2 mediates the regulation of TRPP3 by CaM

We next wanted to examine how CaM suppresses the TRPP3 channel
function. Because phosphorylated TRPP3 exhibits greatly reduced func-
tion (Zheng et al., 2016), we wondered whether CaM-dependent down-
stream kinase CaMK2 is involved in the phosphorylation of TRPP3. We
first found that treatment with KN93 or myristoylated autocamtide-2
related inhibitory peptide (AIP), potent inhibitors of CaMK2, signifi-
cantly increases the TRPP3 channel activity (Fig. 5A). We next
co-expressed TRPP3 with CaMK2 dominant negative mutant K42M or
constitutively active mutant T286D (Sun et al., 2008) and found that the
CaMK2 kinase activity is inversely correlated with the TRPP3 channel
activity, with the TRPP3 surface membrane expression unaltered by
5

CaMK2 co-expression (Fig. 5 B and C). Further, by co-IP experiments we
found that CaMK2 and TRPP3 are in the same complex (Fig. 5D). These
data together strongly suggested that phosphorylation of TRPP3 by
CaMK2may underlie the inhibition of TRPP3 by CaM.We also found that
expression of CaM, but not that of Ca2þ-insensitive mutant CaM1234,
significantly enhances the TRPP3/CaMK2 interaction (Fig. 5E). Taken
together, our data suggest that Ca2þ/CaM binding with TRPP3 may re-
cruit CaMK2 to TRPP3 to facilitate phosphorylation and thereby func-
tional inhibition of TRPP3.

We next wanted to determine whether and how CaMK2 phosphory-
lates TRPP3. CaMK2 has a general phosphorylation motif RXX[S/T] in its
target proteins (Songyang et al., 1996) but several exceptions have been
reported (Dosemeci & Jaffe, 2010; Huang et al., 2011; White et al.,
1998). Because there is no such a motif in and near the TRPP3 CaMBD,
based on enhanced TRPP3/CaMK2 interaction by CaM, we decided to
test three candidate phosphorylation sites S581, T591 and S603 within
CaMBD through alanine and glutamate substitutions to mimic dephos-
phorylation and phosphorylation, respectively (Fig. 6A). We found mu-
tations T591A and T591E substantially increases and decreases the
channel function, respectively, while none of the mutations at S581 and
S603 affected the function (Fig. 6 B and C). Consistently, mutant T591A
was no longer inhibitable by constitutively active mutant CaMK2-T286D
(Fig. 6D), strongly indicating that T591 phosphorylation by CaMK2 is
involved in TRPP3 inhibition.

Because CaM binds with TRPP3 independently of CaMK2, we
wondered whether CaM inhibits TRPP3 function also (in part) through
the TRPP3/CaM binding. By CaM agarose beads Pull-down experiments,
we found that the two mutations at T591 do not affect the TRPP3/CaM
binding (Fig. 6E) but that mutation T591A abolishes the inhibitory effect



Fig. 5. Effect of CaMK2 on TRPP3 channel function. A. Ca2þ-activated currents (at �50 mV) averaged from three batches of TRPP3-expressing oocytes after
treatment with 10 μM KN93, 10 μM AIP or 0.1% DMSO (Ctrl) for 30 min **p < 0.01. B. Averaged Ca2þ-activated currents (at �50 mV) obtained from three batches of
oocytes co-expressing TRPP3 with an indicated CaMK2 mutant or none. ***p < 0.001; ns: not significant. C. Effects of CaMK2 mutants on the TRPP3 expression on the
oocyte surface. Upper panel: representative surface and total expression of TRPP3 determined by biotinylation, with β-actin as a loading control. Lower panel: data
from three independent experiments were quantified, normalized, and averaged. ns: not significant. D. Representative co-IP data of three independent experiments,
showing the interaction between TRPP3 and CaMK2. E. Left panel: representative co-IP data showing the effects of CaM or its mutant CaM1234 on the interaction
between TRPP3 and CaMK2. Right panel: data from three independent experiments were quantified, normalized, and averaged. ***p < 0.001, ns: not significant.
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of CaM on the channel (Fig. 6F), indicating that the inhibition of TRPP3
can be through phosphorylation of T591 or through disrupting the
TRPP3/CaM binding. These data together demonstrated that CaM in-
hibits the TRPP3 channel function through recruiting its downstream
kinase CaMK2 for phosphorylation of site T591 in the channel.

3. Discussion

We and other groups previously reported that human TRPP3 is
regulated by a number of factors including Ca2þ, voltage, pH, amiloride
analogs, large monovalent organic cations, troponin I, α-actinin and re-
ceptor for activated protein kinase 1 (RACK1) (Dai et al., 2006, 2007;
DeCaen et al., 2016; Li et al., 2003, 2007; Liu et al., 2002; Yang et al.,
2012). Extracellular Ca2þ has been shown to activate TRPP3, which is
followed by channel inactivation/desensitization. One hypothetical
mechanism is that accumulation of intracellular Ca2þ due to
6

TRPP3-mediated Ca2þ entry enhances Ca2þ outward moving thereby
blocking the conducting pore through interacting with residue D523 in
the selectivity filter, resulting in channel inactivation (DeCaen et al.,
2016). Interestingly, we previously showed that mutant D523N exhibits
no Ca2þ-induced activation (Hussein et al., 2015), indicating that D523 is
essential for channel activation. Further studies would be desired to
confirm that D523 is involved in both the channel activation and the
ensuing inactivation. As a Ca2þ-binding protein, CaM would affect
intracellular accumulation of free Ca2þ and thus may affect TRPP3
channel inactivation based on the reported model (Hussein et al., 2015).
Our current study showed that Ca2þ-induced TRPP3 activation is
inhibited by Ca2þ/CaM through TRPP3 phosphorylation at T591 by
CaMK2.

CaM is known to regulate membrane receptors (Zhang et al., 1998),
transporters (Iwamoto et al., 2010) and a variety of ion channels
including voltage-gated Ca2þ (DeMaria et al., 2001), Naþ (Ben-Johny



Fig. 6. Role of T591 in the TRPP3 channel function. A. CaM-binding domain identified in the TRPP3 C-terminus in which a PIP2-binding site and three potential
phosphorylation residues (S or T) are indicated (bold and underlined). B. Averaged Ca2þ-activated currents (at �50 mV) of WT TRPP3 and indicated mutants
expressed in three batches of oocytes. ***p < 0.001. C. Surface and total expression of WT TRPP3 and mutants in oocytes determined by biotinylation, with β-actin as a
loading control, representative of three independent experiments. Alanine and aspartate substitutions mimic dephosphorylation and phosphorylation, respectively. D.
Effects of CaMK2 T286D on the function of WT TRPP3 and the T591A mutant assessed by Ca2þ-activated currents (at �50 mV) averaged from three batches of oocytes.
***p < 0.001; ns: not significant. E. Effects of mutations at site 591 on the TRPP3/CaM binding determined by CaM-Agarose Pull-down. Upper panel: representative
data showing the effects of the T591A and T591E mutations. Lower panel: data from three independent experiments were quantified, normalized, and averaged. ns:
not significant. F. Effects of CaM on the function of WT TRPP3 and mutant T591A assessed by Ca2þ-activated currents (at �50 mV) averaged from three batches of
oocytes. ***p < 0.001; ns: not significant.
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et al., 2015) and Kþ channels (Schumacher et al., 2001) and TRP chan-
nels (Hasan& Zhang, 2018). Compared to other membrane proteins, how
TRP channels are regulated by CaM is less understood, possibly because
they are stimulated by diverse stimuli such as temperature, natural
chemicals and mechanical force (Falc�on et al., 2019). Several residues in
TRPs have been reported to be involved in CaM binding by means of
functional studies and in vitro or in vivo binding assays (Gordon-Shaag
7

et al., 2008) but overall whether the regulation by CaM is through direct
TRP/CaM binding or through an intermediate factor has yet to be
determined by further studies. In fact, indirect CaM modulation mecha-
nisms through altering channel/lipid interaction (Wang et al., 2001),
channel biosynthesis (Deutsch, 2003), or membrane trafficking (Joiner
et al., 2001) have been reported.

The highly Ca2þ-selective TRPV5 and TRPV6 possess CaMBDs in the
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N- and C-termini as well as in transmembrane domains but some of these
bindings remain debatable (Derler et al., 2006). Binding of CaM to one of
these CaMBDs is known to act as a rapid feedback mechanism to prevent
Ca2þ overload and maintain Ca2þ homeostasis (Kovalevskaya et al.,
2012). In a proposed “two-tail” CaM modulation model, the CaM C-lobe
constitutively binds to TRPV6 while the N-lobe promotes TRPV6 inacti-
vation through Ca2þ-dependent conformational changes (Bate et al.,
2018). However, this model was strongly challenged by recently resolved
structures of the TRPV6/CaM and TRPV5/CaM complexes, which
revealed that the CaMC-lobe plugs the channel through a unique cation-π
interaction by inserting its K115 side chain to the TRPV6 pore's intra-
cellular entrance thereby blocking pore conduction (Hughes et al., 2018;
Singh et al., 2018). In contrast, the mechanism of inhibition of TRPC4 by
CaM was different because the structures of the TRPC4 apo and
TRPC4/CaM complex revealed their similar conducting pore conforma-
tions (Vinayagam et al., 2020). In fact, CaM binding resulted in a more
stabilized closed state in which the channel periphery displays pro-
nounced differences compared to that of TRPC4 apo. However, due to the
lack of a fully resolved CaM structure in the TRPC4/CaM complex, it
remains to be determined how CaM affects the overall conformation of
TRPC4.

While Ca2þ-dependent CaM binding to these other TRP channels
regulates their function through inducing channel conformational
changes, our present study showed that CaM binding to TRPP3 inhibits
its function through promoting phosphorylation of TRPP3 by CaMK2.
Binding of CaM to a channel protein may allow an efficient and rapid
response of the channel to Ca2þ, especially when the protein does not
bind Ca2þ directly. However, of note, weak TRPP3/CaM binding was still
detected in the absence of Ca2þ (Fig. 2D) or when Ca2þ-binding sites in
TRPP3 were removed (Fig. 3C). This partial Ca2þ independence was
similarly observed for L-type Ca2þ channel and TRPV1 (Numazaki et al.,
2003; Peterson et al., 1999). We found that the TRPP3/CaM binding is
necessary but not sufficient for channel inhibition. For example, the
function of the TRPP3 mutant T591A became irresponsive to CaM while
retaining its CaM binding ability (Fig. 6 E and F), which is consistent with
our finding that TRPP3/CaM binding facilitates TRPP3 phosphorylation
at T591 by kinase CaMK2, a mechanism similar to one proposed for a Naþ

channel (Deschênes et al., 2002).
Regulation of TRPP3 by CaMhas in fact also been explored by another

group of researchers who proposed that the CaM N-lobe is involved in
TRPP3 inhibition, with L593 acting as a CaM-binding residue (Baik et al.,
2020). This infers that the channel activity of mutant L593A should be
higher than that of WT TRPP3 due to the lack of inhibition by endoge-
nous CaM in oocytes, which however, was not supported by our data
(Fig. S1A). We also found that the L593A mutation does not affect the
TRPP3/CaM interaction assessed by means of CaM agarose Pull-down
assays (Fig. S1B), indicating that L593 is not involved in CaM binding.
CaM is known to bind to an IQ motif or a hydrophobic alpha helix
(Rhoads & Friedberg, 1997) but with exceptions (Mercado et al., 2010).
Given the absence of an IQ motif in TRPP3, further studies would be
needed to identify its CaM-binding residues. The EF-hand motif was
shown to be important for gating of large conductance, Ca2þ-sensitive Kþ

and voltage-gated Na þ channels through Ca2þ-dependent conforma-
tional changes and intramolecular interaction with the III-IV intracellular
linker, respectively (Braun & Sy, 2001; Gardill et al., 2018). However, in
TRPP2, a TRPP3 homologue with 70% overall sequence similarity, the
importance of the Ca2þ/EF-hand binding was controversial. One study
showed that Ca2þ binding to the EF-hand is required for the TRPP2
channel function (Petri et al., 2010) while another study found that the
Ca2þ/EF-hand binding is irrelevant to the channel function nor to the
cystogenesis (Vien et al., 2020). The EF-hand in TRPP3 was reported to
have no functional relevance importance(DeCaen et al., 2016; Li et al.,
2002), which is consistent with our current finding that EF-hand deletion
does not affect the inhibitory effect of CaM or the TRPP3/CaM interac-
tion (Fig. 3 F and G).

Although we found competition between CaM and PIP2 for binding
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with TRPP3, unlike PIP2, CaM did not affect the TRPP3 N/C interaction
(Fig. 4). In fact, several reports have found complex interplays between
CaM and PIP2 (Alberdi et al., 2015; Cao et al., 2013; Tobelaim et al.,
2017). While they exert similar inhibitory effects on the TRPP3 function,
we don't know yet whether their binding sites (I560–F621 for CaM and
R594Q/R596Q/R598Q/K599Q for PIP2) (22) have overlapping resi-
dues. Although CaM and PIP2 bind to overlapping regions in TRPV1 and
TRPC6, they were found to bind with distinct residues and exhibited
opposite functional effects (Kwon et al., 2007; Nilius et al., 2008). CaM
and PIP2 demonstrated similar gating modulations on other channels
such as Kv7.1 by stabilizing the open state (Trudeau & Zagotta, 2003).
The fact that CaM and PIP2 have distinct ways by which they inhibit
TRPP3 might be for different biological roles, for example, in response to
distinct upstream signals. Interestingly, although it is well known that
TRPP3 is activated by Ca2þ entry, which is followed by inactivation, the
mechanisms underlying the activation and the ensuing inactivation are
not well understood. We think that a phospholipase C (PLC)/PIP2
pathway may underly the Ca2þ-induced TRPP3 channel activation while
the CaM/CaMKII pathway discovered in this study may account, at least
in part, for the ensuing inactivation: at the basal state of TRPP3, the
intracellular Ca2þ increase due to TRPP3-mediated Ca2þ entry activates
PLC, which results in the hydrolysis of PIP2 thereby activating the
channel and causing entry of more Ca2þ (and other cations as well),
which then in turn activates the CaM/CaMKII pathway thereby inacti-
vating TRPP3. This Ca2þ entry-induced sequential activation and inac-
tivation through two distinct pathways may be important for preventing
cells from Ca2þ overload.

Despite of high sequence homology between TRPP3 and TRPP2 and
the presence of TRPP2/CaM interaction (Fig. S2A), we found that the
TRPP2 function is insensitive to CaM (Fig. S2B). Interestingly, sequence
alignment found that TRPP3 T591 corresponds to TRPP2 A711
(Fig. S2C), suggesting that TRPP2 may constitutively in its ‘dephos-
phorylated’ state at site 711. Indeed, constitutive mimic of phosphory-
lation by changing A711 to E or D in TRPP2 completely abolished the
channel function (Fig. S2D).

In summary, we have identified that CaM binds to TRPP3 in
competition with PIP2 and inhibits the TRPP3 channel function through
a Ca2þ/CaM/CaMKII pathway, which is distinct from how PIP2 inhibits
TRPP3. Ca2þ entry through TRPP3 increases the formation of the CaM/
Ca2þ complex that binds to the TRPP3 C-terminus, which enhances the
TRPP3/CaMK2 interaction thereby promoting the T591 phosphoryla-
tion, which inhibits the channel function.

4. Methods

4.1. Plasmids, mutants, antibodies, and chemical reagents

Human Flag-TRPP3 cDNA was subcloned into Xenopus oocytes
expression vector pCHGF (Yang et al., 2012). PEGFP-CaM WT and
mutant plasmids were obtained from Dr. Veit Flocerzi's lab and subcl-
oned into PGEMHE for oocytes expression. WT CaMK2 and mutant
plasmids were kindly provided by Dr. Khaled Machaca (Weill Cornell
Medicine, NY). Q5 master mix (NEB) was used to generate all the mu-
tations, which were verified by sequencing. Antibodies against β-actin,
GST, His, HA and Flag were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The antibody against CaM was purchased from Cell
Signaling Technology (Whitby, Ontario). The antibody against CaMK2
was purchased from Abcam (Cambridge, UK). Secondary antibodies were
purchased from GE Healthcare (Waukesha, WI). NFA, CMZ, KN93 and
AIP were purchased from Millipore Sigma Canada (Oakville, ON) and
diC8-PIP2 was from Echelon Biosciences (Salt Lake City, UT).

4.2. Xenopus oocyte expression

Capped RNAs encoding TRPP3, CaM and CaMK2 were synthesized by
an in vitro transcription T7 mMESSAGE mMACHINE kit (Ambion, Austin,
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TX) and injected (25–50 ng per oocyte) into Xenopus oocytes prepared as
described (Cai et al., 2020). Same amount of water was injected to the
oocytes served as control. Oocytes were incubated at 18�C for 2–3 days
before electrophysiological measurements. The present study was under
the approvement of the Ethical Committee for Animal Experiments of the
University of Alberta and performed 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.

4.3. Two-electrode voltage clamp electrophysiology

The two-electrode voltage clamp electrophysiology experiments in
Xenopus oocytes were performed as we described previously (Zheng
et al., 2018). Briefly, the electrodes (Capillary pipettes, Warner In-
struments, Hamden, CT) that impale an oocyte were filled with 3 M KCl
to form a tip resistance of 0.3–2 MΩ. Duration of application of extra-
cellular Ca2þ, CMZ was indicated in time course recordings. 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 and analyzed using a Geneclamp 500B ampli-
fier 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 100 μs/sample
and filtered at 2 kHz through a Bessel filter. SigmaPlot 13 (Systat Soft-
ware, San Jose, CA) and GraphPad Prism 8 (GraphPad Software, San
Diego, CA) were used for data plotting.

4.4. Surface protein biotinylation

Xenopus oocytes after three times washing with ice-cold PBS solution
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 by
1 M NH4Cl. Oocytes 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). Upon
addition of 100 μl streptavidin (Pierce), lysates were incubated at 4�C
overnight with gentle shaking. The surface protein bound to streptavidin
was resuspended in SDS loading buffer and subjected to SDS-PAGE.

4.5. Co-IP, CaM-Agarose Pull-down and GST Pull-down

Co-IP experiments were performed as we previously described (Zheng
et al., 2018). Briefly, a group of 20–30 oocytes washed with PBS were
solubilized in ice-cold CelLytic-M lysis buffer (Sigma) supplemented with
proteinase inhibitor cocktail. Supernatants were collected after centri-
fugation at 13,200 rpm for 15 min and precleaned for 1 h with 50%
protein G-Sepharose (GE Healthcare), followed by incubation with
indicated antibodies at 4�C for 4 h. Upon the addition of 100 μl of 50%
protein G-Sepharose, the mixture was incubated at 4�C overnight with
gentle shaking. The immune complexes conjugated to protein
G-Sepharose were washed three times with cold PBS solution containing
1% Nonidet P-40 and eluted by SDS loading buffer. Precipitated proteins
were subjected to western blot analysis.

Cell lysates were prepared same as above. 100 μL CaM-Agarose beads
(Sigma) were added to the supernatants and themixture was incubated at
4�C overnight with gentle shaking. Unless indicated, 1 mM Ca2þ was
included in the mixture to increase the affinity. The beads were then
washed three times with cold PBS solution containing 1% Nonidet P-40
and eluted by SDS loading buffer. Precipitated proteins were subjected to
western blot analysis.

GST- or His-tagged human TRPP3 peptides or CaMwere purified from
E. coli and solubilized in the CelLytic-M lysis buffer (Sigma) and incu-
bated at the same amount (2 μg) at 4�C for 4 h with gentle shaking,
followed by overnight incubation after addition of 50 μL Glutathione
Sepharose 4B agarose beads (GE Healthcare). The beads were then
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washed three times with PBS buffer with 1% Nonidet P-40, and the
remaining proteins were eluted using SDS loading buffer and were sub-
jected to western blot analysis.

5. Statistical analysis

All statistical data in this study are represented as mean � SD (stan-
dard deviation) from N measurements. Student's t-tests were used to
compare two groups of data; One-way ANOVA was used to compare
multiple groups. *, ** and *** indicate p < 0.05, 0.01 and 0.001,
respectively; ns indicates statistically not significant.
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