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Background: Heteromerization of TRP family members can affect their physiological and biophysical properties.

Results: TRPV6 and TRPC1 associate via their ankyrin-like repeat domains. Co-expression of TRPV6 and TRPC1 reduced
TRPV6 expression in the plasma membrane, and hence reduces TRPV6 influx currents.

Conclusion: TRPC1 acts as negative regulator on TRPV6 mediated Ca®™ signaling.

Significance: We show here a novel regulation in TRPV6 activity by formation of heterocomplexes with TRPC1.

TRP proteins mostly assemble to homomeric channels but
can also heteromerize, preferentially within their subfamilies.
The TRPC1 protein is the most versatile member and forms
various TRPC channel combinations but also unique channels
with the distantly related TRPP2 and TRPV4. We show here a
novel cross-family interaction between TRPC1 and TRPV®6, a
Ca®* selective member of the vanilloid TRP subfamily. TRPV6
exhibited substantial co-localization and in vivo interaction
with TRPC1 in HEK293 cells, however, no interaction was
observed with TRPC3, TRPC4, or TRPC5. Ca®>* and Na™ cur-
rents of TRPV6-overexpressing HEK293 cells are significantly
reduced by co-expression of TRPC1, correlating with a dramat-
ically suppressed plasma membrane targeting of TRPV6. In line
with their intracellular retention, remaining currents of TRPC1
and TRPV6 co-expression resemble in current-voltage relation-
ship that of TRPV6. Studying the N-terminal ankyrin like repeat
domain, structurally similar in the two proteins, we have found
that these cytosolic segments were sufficient to mediate a direct
heteromeric interaction. Moreover, the inhibitory role of
TRPC1 on TRPV6 influx was also maintained by expression of
only its N-terminal ankyrin-like repeat domain. Our experi-
ments provide evidence for a functional interaction of TRPC1
with TRPV6 that negatively regulates Ca”* influx in HEK293
cells.
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The transient receptor potential (TRP)® proteins display a
broad tissue expression with a large diversity of cation selectiv-
ity, modes of activation and physiological functions (1, 2). All
TRP proteins consist of 6 transmembrane domains and assem-
ble into tetramers (3—6). While heterologous expression of
TRP proteins predominantly leads to homomeric oligomeriza-
tion, knock-down strategies have revealed that most native
TRPs are aggregated to heteromeric channels that are embed-
ded in larger signaling complexes (7, 8).

Heteromeric TRP channels are well demonstrated within the
phospholipase C-coupled TRPC family. TRPCs multimerize
within TRPC1/4/5 and TRPC3/6/7 subgroups (9, 10). Only
TRPCI1 can form heteromers with all other TRPC proteins (11—
14) exhibiting a reduced Ca®>"* permeability compared with the
respective homomeric TRPC channel subtype. A novel recep-
tor-dependent ion channel is formed by a heteromer of TRPC1
with the distinctly related polycystic TRPP2 (15-17).

Within the vanilloid TRP channels, TRPV5/6 proteins are
not only co-expressed in similar tissues but they can also form
heteromeric channels (3, 18). Various heteromeric combina-
tions have been reported within TRPV1 to TRPV4 (20) while
Hellwig et al. only observed interaction between TRPV1 and
TRPV2 (18). Melastatin, mucolipin, and polycycstic TRP
include heteromeric channels within their subfamily (5).

Heteromerization between members of TRPC and TRPV
subfamilies plays an important role in the regulation of cation
influx in a number of tissues. TRPV4 interacts with TRPC1-
forming complexes that modulate Ca®* influx in endothelial
cells (21). TRPC1 and TRPC6 channels associate with TRPV4
to mediate mechanical hyperalgesia and primary afferent noci-
ceptor sensitization (22). TRPC1 and TRPV6 contributed to
Ca®" entry in prostate cells, where TRPV6 expression is shown
to be closely related with prostate cancer (23).

° The abbreviations used are: TRP, transient receptor potential; FRET, Férster
resonance energy transfer; TRPC, canonical TRP; TRPV6, vanilloid TRP 6;
SOCE, store-operated calcium entry; DVF, divalent-free.
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Because of its huge variety, the formation of these homo- and
heterocomplexes in the TRP family may involve different pro-
tein motifs. Homomeric TRPC1 assembly is dependent on an
N-terminal coiled-coil region (24), while TRPM2, TRPMS, and
TRPP2 use C-terminal coiled-coils for tetramerization (25-30).
Instead, TRPC4 and TRPC5 (31), TRPV4 (32), TRPV5, and
TRPV6 (33-35) require the ankyrin-like repeats for homo- as
well as heteromeric channel assembly. In addition to the
ankyrin like repeats, TRPC channels require a C-terminal seg-
ment as well (36). Interestingly, TRPC1 seems to use different
domains for homo- and heteromerization, and oligomerizes
with TRPC3 via their ankyrins (12).

In the present study, we report a novel interaction of TRPC1
and TRPV6 via their ankyrin-like repeats, which down-regu-
lates both TRPV6 expression in the plasma membrane and
TRPV6 Ca®>' current. The observed down-regulation of
TRPV6 currents by TRPC1 may increase the cellular diversity
to fine-tune Ca>" homeostasis.

EXPERIMENTAL PROCEDURES

Cell Culture and Molecular Cloning—Human embryonic
kidney 293 (HEK293) cells were cultured in DMEM supple-
mented with L-glutamine (2 mm), streptomycin (100 ug/ml),
penicillin (100 units/ml), and 10% fetal calf serum at 37 °C in a
humidity-controlled incubator with 7% CO,. HEK293 cells
were transfected with 4 ul of Transfectin (Bio-Rad) and 1 ug of
DNA of CFP/YFP-TRPC1 (GenBank™ accession number:
NM_003304.4), TRPC3 (U47050), TRPC4 (NM_016984.1),
TRPC5 (NM_009428), TRPV6 (AF160798) or fragments. Inter-
nal restriction sites were used to generate TRPC1 fragments,
TRPV6 constructs have been previously described (37).

Forster Resonance Energy Transfer (FRET) Microscopy—
Transfected HEK293 cells grown on cover slips for 1-2 days
were transferred to a standard bath solution, including (in mm):
140 NaCl, 5 KCl, 1 MgCl,, 2 CaCl,, 10 glucose, 10 Hepes, pH 7.4
(NaOH).

A QLC100 Real-Time Confocal System (Visitron Systems
GmBH, Germany) was used for recording fluorescence images
connected to a dual port adapter (dichroic: 505lp; emission 1:
485/30; emission 2: 535/50; Chroma Technology Corp.) and
two Photometrics CoolSNAPHQ monochrome cameras
(Roper Scientific). This system was attached to an Axiovert 200
M microscope (Zeiss, Germany) and used in conjunction with
an argon ion multi-wavelength (454 -514 nm) laser (Spectra
Physics). The wavelengths were selected by an Acousto Optical
Tuneable Filter (VisiTech Int.). MetaMorph 5.0 software (Uni-
versal Imaging Corp.) was used to acquire images and to control
the confocal system. Illumination times for CFP/FRET and YFP
images that were recorded with a minimum delay consecutively
of 900 ms. The images were analyzed for FRET using a self-
written MatLab 7 programs (37) where the algorithm proposed
by Xia (52) was implemented. In short, the recorded FRET
image (ex: 457 nm, em 535/50) was corrected for crosstalk from
the other imaging channels. The appropriate crosstalk calibra-
tion factors were determined for all the constructs used in sep-
arate experiments on the days the experiments were done.

Electrophysiology—Electrophysiological experiments were
performed at 20-24 °C, using the patch-clamp technique (38)
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in the whole-cell recording configuration one or 2 days after
transfection. Voltage ramps were usually applied every 5s from
a holding potential of +70 mV, covering a range of —90 to 90
mV over 200 ms. In all recordings that were performed in diva-
lent-free (DVF) solutions, a 100 ms ramp (—90 mV to +90 mV)
was applied every 2 s from a holding potential of 0 mV. Pipette
solution was used to decrease cytosolic Ca”>* levels containing
(in mm) 145 Cs methane sulfonate, 8 NaCl, 5 MgCl,, 10 HEPES,
10 EGTA, pH 7.2. For carbachol and thapsigargin-stimulated
HEK293 cells overexpressing TRPC1 or TRPCI1/TRPCS5,
pipette solution was adjusted to 100 nm cytosolic Ca®>* by addi-
tion of 4.3 CaCl,. Extracellular solution for Ca®>* currents con-
sisted of 145 NaCl (or 145 TEA-CI), 5 CsCl, 1 MgCl,, 10 HEPES,
10 glucose, 10 CaCl,, pH 7.4. DVF solution contained 165 NaCl,
5CsCl, 10 HEPES, 10 glucose, 10 EDTA, pH 7.4/CsOH. A liquid
junction correction of +12 mV resulted from a Cl ™ -based bath
solution and a sulfonate-based pipette solution.

Biotinylation of Cell Surface Membrane Proteins—HEK293
cells were transfected with YFP-TRPV6 or with GFP-TRPV6
and TRPCI1. After 2472 h, cell surface proteins were biotiny-
lated for 30 min at 4 °C using sulfo-NHS-LC-LC-biotin or sulfo-
NHS-SS-biotin (0.5 mg/ml; Pierce) as described previously
(39). Briefly, cells were incubated 1h at 4 °C with the biotinyla-
tion agent. After incubation, 100 mm Tris was added to stop the
reaction. Cells were washed twice with PBS to remove excess
biotinylation agent and lysed with lysis buffer, pH 8.0, contain-
ing 100 mm NaCl, 20 mMm Tris, 2 mm EDTA, 10% glycerol, 0.5%
Nonidet P40, and supplemented by 20 ul/ml protease inhibitor
mixture (Roche Applied Science). Lysed samples were centri-
fuged at 14,000 X g for 15 min. Finally, biotinylated proteins in
the supernatant were precipitated using High Capacity Strepta-
vidin Agarose Resin (Pierce) overnight at 4 °C on arocking plat-
form. The samples were resolved by 10% SDS-PAGE, and pro-
tein detection was done as described in Ref. 39. Anti-B-actin
(A5441; Sigma) was used to normalize protein expression.

Immunoprecipitation and Immunoblots—Immunoprecipi-
tation and Western blotting were performed as described pre-
viously (40). Briefly, 500-ul aliquots of HEK293 suspension (2 X
10° cell/ml) were lysed with an equal volume of lysis buffer, pH
8.0, containing 200 mm NaCl, 40 mm Tris, 4 mm EDTA, 20%
glycerol, 1% Nonidet P40, and supplemented by 20 wl/ml pro-
tease inhibitor mixture (Roche Applied Science). Aliquots of
HEK293 lysates (1 ml) were immunoprecipitated by incubation
with 2 ug of either anti-GFP (Sigma-Aldrich) or anti-TRPC1
antibody (Alomone) and 25 ul of protein A-agarose overnight
at 4 °C on a rocking platform. The immunoprecipitates were
resolved by 10% SDS-PAGE and separated proteins were elec-
trophoretically transferred onto nitrocellulose membranes for
subsequent probing. Blots were incubated 1 h with 10% (w/v)
BSA in tris-buffered saline with 0.1% Tween 20 (TBST) to block
residual protein binding sites. Immunodetection of hTRPV6
and hTRPC1 was achieved using the anti-GFP antibody diluted
1:1000 in TBST or the anti-hTRPC1 antibody diluted 1:250
in TBST overnight, respectively. The primary antibody was
removed, and blots were washed six times for 5 min each with
TBST. To detect the primary antibody, blots were incubated for
1 h with horseradish peroxidase-conjugated rabbit anti-mouse
IgG antibody or horseradish peroxidase-conjugated goat anti-
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FIGURE 1. Co-expression of TRPC1 and TRPV6 significantly suppressed TRPV6 currents and Ca>* entry. Time course of whole-cell voltage ramps (4) and
statistics on initial currents (B) for CFP-TRPC1 and/or YFP-TRPV6 overexpressing HEK293 cells were recorded at —86 mV during voltage ramps with a 10 mm
Ca’" bath-solution. Representative current-voltage relationship (C) is shown for either TRPV6 or co-expression of TRPC1 and TRPV6. In a DVF solution,
co-expression of TRPC1 and TRPV6 in comparison to TRPV6 alone is depicted in the time course (D), statistical analysis for current maxima (E) and current-
voltage relationship (F). Intracellular [Ca?*]; of Fura-2-loaded cells (G) was monitored in the time course in a nominally Ca®*-free solution followed by addition
of 2mm Ca?*. Ca®* entry in cells overexpressing TRPV6 and/or TRPC1 or YFP is shown in the time course (G) or maximum Ca®" entry (H).

rabbit IgG antibody diluted 1:10,000 in TBST and then exposed
to enhanced chemiluminiscence reagents for 5 min. Blots were
then exposed to photographic films. The density of bands on
the film was measured using scanning densitometry. Data were
normalized to the amount of protein recovered by the antibody
used for the immunoprecipitation.

To determine the amount of TRPC1 that is expressed both in
the plasma membrane and in the cytosolic fraction, we per-
formed a double immunoprecipitation using the anti hTRPC1
antibody, directed toward the sequence 557-571 of human
hTRPC1, which is located in the pore-forming region between
the fifth transmembrane domain and region VII of hTRPC1
(41). Cells with overexpressed, untagged TRPC1 were stimu-
lated with 100 um CCH for 60 s before mixing with paraformal-
dehyde (1.5% in PBS). Fixed cells were washed and incubated
with 2 pg of anti-TRPC1 (557-571) antibody, which binds an
extracellular motif within TRPC1 (11, 42, 43), for 2 h, washed,
and lysed. Immunoprecipitation was performed for 2 further
hours in the presence of agarose beads and in the absence of
anti-TRPC1 antibody. The beads were precipitated by centrif-
ugation, washed, and suspended in loading buffer. The super-
natant, containing the TRPCI cytosolic fraction, was immuno-
precipitated overnight with 2 ug of TRPC1 and agarose beads.
Both fractions were resolved in a SDS-GEL, and the Western
blot was performed using the anti-TRPC1 antibody.

Fura-2 Microscopy—HEK293 cells were grown on coverslips
for 2 days and loaded with Fura-2/AM (1 um) for 30 min at
20 °C in Dulbecco’s modified Eagle’s medium, washed for three
times and dyes were allowed to deesterify for 15 min at 20 °C.
Coverslips were transferred to an extracellular solution (see
“FRET microscopy”) without Ca*>* and mounted at an inverted
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Axiovert 100 TV microscope (Zeiss, Germany). Excitation of
Fura-2 was performed at 340 nm and 380 nm, and Ca®>" mea-
surements are shown as 340/380 ratios of both YFP and
untransfected HEK293 cells.

Statistical Analysis—Data are expressed as means * S.E., and
statistical analysis using Student’s ¢ test with Origin software
(OriginLab, Northampton, MA). Differences are considered
significant when p values are <0.05.

RESULTS

TRPV6 Currents Are Significantly Suppressed by TRPCI
Co-expression—The TRPC1 protein is the most versatile het-
eromerization partner of the TRP channels, hence we examined
for its impact on the Ca*>*-selective TRPV6 channel. We per-
formed whole-cell patch-clamp experiments using a 10 mm
Ca®" containing extracellular solution to address the current
characteristics of homo- and potentially heteromeric channels.
Recordings of yellow fluorescent protein (YFP)-tagged TRPV6
expressing HEK293 cells yielded constitutively active inward
currents. Their time courses were monitored at —86 mV by
applying repetitive voltage ramps (Fig. 14). TRPV6 currents
transiently increased by using a holding potential of +70 mV,
followed by a Ca®*/calmodulin-dependent inactivation (33,
37). We analyzed break-in currents immediately after obtaining
whole cell configuration for statistical comparison, to avoid
Ca®"-dependent modulation (Fig. 1B). Larger maximum
TRPV6 currents resulted in a more dominant inactivation (data
not shown). In contrast, heterologously expressed TRPC1
tagged with cyan fluorescent protein (CFP) did not generate
significant current activity (Fig. 14). Co-expression of TRPC1
and TRPV6 led to a similar inwardly rectifying current-voltage
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relationship with a reversal potential of >+30 mV as observed
with TRPV6 alone (Fig. 1C), yet with significantly down-regu-
lated initial currents (Fig. 1B). For all experiments, cells with a
similar TRPV6 expression (based on fluorescence) were cho-
sen. When extracellular Ca?" solution was exchanged by a
divalent-free solution, TRPV6 currents were enhanced,
reversed at +16 = 5 mV (n = 10) and exhibited a typical nega-
tive slope at negative potentials in the current voltage relation-
ship (44, 45). A similar current-voltage relationship remained
also for the co-expression of TRPC1 and TRPV6 channels with
a reversal potential of +17 * 2 mV (n = 14), although again
with significantly reduced inward-currents (Fig. 1, D--F). These
experiments demonstrate that two typical TRPV6 current-volt-
age characteristics are fully retained, when TRPV6 was
expressed alone or together with TRPC1. TRPC proteins typi-
cally yield less selective Ca®>* currents and TRPC1 decreases
Ca%* selectivity in heteromeric TRPC channels, in comparison
to a respective homomeric TRPC channel (2, 14). Hence a het-
eromeric TRPCV6/TRPC1 channel might lead to an altered
TRPV6 1V relationship, which was clearly not the case.
Additionally we utilized Fura-2 microscopy to investigate
Ca®" entry of HEK293 cells overexpressing TRPC1 and/or
TRPV6. Fura-2-loaded HEK293 cells were initially bathed in a
Ca®" free solution. Addition of 2 mm Ca®* resulted in a robust
Ca’>" entry (Fig. 1G) for TRPV6 expressing cells, whereas
TRPC1 overexpression led only to a very small Ca®>* entry, that
was in a similar range as YFP-transfected cells (Fig. 1G). Co-ex-
pression of TRPC1 and TRPV6 again resulted in an about 30%
reduction of Ca®" entry in comparison to TRPV6 alone (Fig. 1,
G and H), consistent with our electrophysiological approach.
Cytosolic TRPCI Is Relocated to the Plasma Membrane in
TRPC1/TRPCS5 Heteromers—In our standard conditions, we
observed no TRPC1 activity; hence we aimed to stimulate
whole-cell currents of TRPC1-overexpressing cells by receptor
stimulation or an alternative store depletion. Yet no clear acti-
vation was observed upon an application of the physiological
agonist carbachol (100 wm; supplemental Fig. S1A4), or thapsi-
gargin (TG; 1 uMm; supplemental Fig. S1C), an inhibitor of the
Ca®"-ATPase pump in the endoplasmic reticulum that is
widely used to study store-operated calcium entry (SOCE) in
line with previous results (9, 46). In Fura-2 microscopy experi-
ments, overexpressed TRPC1 failed to exhibit an enhanced
Ca®" entry in comparison to a mock control by either carbachol
(100 um, supplemental Fig. S1D) or thapsigargin (1 um, supple-
mental Fig. S1E). Instead, carbachol-activated TRPC5-express-
ing HEK293 cells yielded an inward-rectifying current-voltage
relationship (supplemental Fig. S1, A and B). A co-expression of
TRPC1 and TRPC5 yielded carbachol-sensitive currents with a
reduced inward as well as enhanced outward current suggest-
ing a heteromic TRPC1/C5 channel (supplemental Fig. S1, A
and B) (9, 14). As TRPC1 has been shown to mediate carbachol-
dependent currents (47), we analyzed whether under our con-
ditions overexpressed TRPC1 might be retained intracellularly
in HEK293 cells as previously reported (8, 48). Confocal
microscopy revealed a cytosolic localization of overexpressed
TRPC1 (supplemental Fig. S1F and Fig. 2D). In contrast co-ex-
pressed TRPC1 and TRPC5 exhibited co-localization (supple-
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mental Fig. S1G), with a partial but clear plasma membrane
staining of both TRPC proteins.

Reduced Plasma Membrane Localization of TRPV6 Protein
by Co-expression with TRPCI—A possible interpretation of
suppressed TRPV6 Ca®" entry/current is that co-expression of
TRPCI1 reduces the plasma membrane localization of TRPV6.
Therefore, we quantitatively compared plasma membrane lev-
els of TRPV6 in cells co-expressing TRPV6 and TRPC1 with
those exclusively expressing TRPV6 using surface biotinyla-
tion. When TRPV6 is expressed alone in HEK293, the channel
is partially located in the plasma membrane in resting cells.
When YFP-TRPV6 and an untagged TRPC1 were coexpressed,
the amount of TRPV6 in the plasma membrane was reduced,
compared with those cells that expressed the TRPV6 protein
alone (control TRPV6: 23522 * 1916 versus control TRPV6 &
TRPC1: 4245 + 411; n = 5; Fig. 2A, top panel). To exclude that
the reduced expression of TRPV6 in the plasma membrane was
due to diminished overall expression of TRPV6 in the cell, we
analyzed the total amount of TRPV6 in HEK293 cells either
overexpressing TRPV6 alone or together with TRPC1 by West-
ern blot. The obtained data demonstrate that co-expression of
TRPCI1 together with TRPV6 did not alter the total expression
of TRPV6 in HEK293 cells (control TRPV6: 32537 * 1916 ver-
sus control TRPV6 & TRPC1: 31245 * 411; n = 5; Fig. 2B, top
panel). Western blotting of the same membranes with the anti
B-actin antibody was used for normalization (Fig. 2, A and B;
bottom panel). To determine the amount of TRPC1 that is
expressed both in the plasma membrane and in the cytosolic
fraction, untagged TRPC1 overexpressed cells were stimulated
with 100 um CCH for 60 s, fixed and the TRPC1 fractions were
isolated performing a double immunoprecipitation as de-
scribed under “Experimental Procedures.” Under our condi-
tions we did not detect overexpressed TRPC1 in the plasma
membrane fraction either in resting or carbachol (CCH)-stim-
ulated HEK293 cells (Fig. 2C). By contrast, the cytosolic fraction
showed a clear expression of TRPC1 (Fig. 2C). Alternatively we
monitored the cellular localization of overexpressed TRPC1 in
comparison to TRPV6-expressing cells and their co-expression
by confocal microscopy. While TRPC1 remained intracellu-
larly, better visible in an amplified region near the plasma mem-
brane (Fig. 2D), TRPV6 exhibited a clustered localization with
partial plasma membrane localization (Fig. 2D). Upon co-ex-
pression of TRPC1 and TRPV6 both proteins exhibited a sub-
stantial co-localization, while the plasma membrane expression
of TRPV6 was clearly reduced (Fig. 2E). Together, these results
suggest that TRPCI is able to suppress TRPV6 dependent cur-
rents/entry because of a reduction of TRPV6 plasma membrane
expression.

In Vivo Interaction of TRPCI and TRPV6—It has been
described that some members of the TRPC and TRPV families
interact and their association may mediate Ca®" influx in endo-
thelial cells (21). We have used confocal Forster Resonance
Energy Transfer (FRET) to examine a possible interaction of
various TRPC proteins with TRPV6 in a living HEK293 cell.
Co-expression of N-terminally tagged CFP-TRPC1 (Fig. 34,
image 2) or YFP-TRPV6 (Fig. 3A, image 3), respectively,
revealed substantial intracellular co-localization (Fig. 34, image
4), similar as TRPC1 overexpression alone (Fig. 34, image 1). A
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D CFP-TRPC1 YFP-TRPV6
E

Overlay
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mean nFRET value of 0.07 suggests a direct coupling of these
TRP proteins (Fig. 3, A, image 5 and F). Furthermore, we stud-
ied the association between TRPV6 and the other members of
the TRPC family, to reveal a potential selectivity. In contrast to
the predominant intracellular localization of YFP-TRPV6,
expression of CFP-TRPC3 mainly targeted to the plasma mem-
brane. Upon their co-expression the plasma membrane stain-
ing of TRPC3 was clearly distinct from TRPV6 localization,
with minor FRET (Fig. 3B). CFP-TRPC4 (Fig. 3C) and CFP-
TRPCS5 (Fig. 3D) exhibited a punctate localization in the plasma
membrane and vesicular intracellular structures. Both proteins
showed partial co-localization with YFP-TRPV6 with small
nFRET values (< 0.02; Fig. 3F). In comparison to the TRPC1/
TRPV6 interaction, average FRET of the homomeric assembly
of either CFP-/YFP-TRPCI1 (Fig. 3E) or previously described
CFP-/YFP-TRPV6 (35) are 2-fold increased (Fig. 3F). Clearly
the TRPC1 isoform exhibited the most pronounced co-local-
ization and highest FRET with TRPV®6, in comparison to the
other examined TRPC proteins.

Furthermore, to corroborate FRET results we have studied
TRPV6-TRPCI interaction by co-immunoprecipitation. Im-
munoprecipitation and subsequent SDS-PAGE and Western
blotting were conducted using resting HEK293 cells, in the
presence of extracellular Ca®>*. After immunoprecipitation
with anti-TRPC1 antibody, Western blotting revealed the pres-
ence of TRPV6. Blotting of the same membranes with the anti-
body used for immunoprecipitation confirmed similar TRPC1
protein content in all lanes (Fig. 3G, bottom panel). These data
suggest that TRPC1 and TRPV6 proteins are able to assemble
within protein complexes and interact with each other when
co-expressed in HEK293 cells.

N-terminal Ankyrin-like Repeat Segments of TRPCI1 and
TRPV6 Interacted Directly—Key domains for functional
TRPV6 channel assembly are the six ankyrin-like repeats
in the TRPV6 N-terminal strand (33, 35). As TRPC1 also
includes three N-terminal ankyrin-like repeats, we focused on
these domains as potential interaction sites. Confocal FRET
microscopy was used to monitor interaction of CFP-N;g-
TRPV6, a fragment with four ankyrins that has been previ-
ously shown to mediate self-oligomerization (35), with
various N-terminal fragments of TRPC1. Co-expression of
CFP-N,,,-TRPV6 (Fig. 44, I* image) with YFP-N,,,-TRPC1
(Fig. 4A, 2"“ image) that includes all three ankyrin-like
repeats, resulted in cytosolic co-localization (Fig. 44, 3™
image) and robust FRET (Fig. 44, 4" image). Average FRET
values (Fig. 4D) were even stronger than those of the full-
length TRPC1-TRPV6 complex (Fig. 3F). A dramatically
reduced FRET value was calculated for N,,.-TRPC1 (Fig. 4,
Band D) that included only the first two ankyrin-like repeats
or N,,-TRPC1 (Fig. 4, C and D), lacking all ankyrins, when
co-expressed with N 5.-TRPV6. These experiments demon-
strate an intrinsic ability of the ankyrin-like repeat domains
of TRPC1 and TRPV6 to heteromize in vivo.

N-terminal Fragments of TRPCI that Contain Ankyrin-like
Repeats Suppressed TRPV6 Currents—Next, we determined if
the ankyrin-mediated interaction is sufficient to down-regulate
TRPV6 currents. Co-expression of N;45-TRPC1 and TRPV6
indeed significantly reduced TRPV6 currents (Fig. 5A4), as
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FIGURE 3. Co-localization and interaction of TRPC1 and TRPV6: Localization of a representative CFP-TRPC1-expressing cell (A, E, image 1) as well as for a
co-expression of CFP-TRPC1 (A, image 2) with YFP-TRPV6 (A, image 3), their overlay (A, image 4) and calculated FRET values (A, image 5) are presented. Similar
image series are shown for co-expression of CFP-TRPC3 (B), CFP-TRPC4 (C), or CFP-TRPC5 (D) with YFP-TRPV6 as well as CFP-/YFP-TRPC1 (E). The FRET values
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and co-localization of cells co-expressing either CFP-TRPC1 and YFP-TRPV6 (FRET = 0.07 * 0.01) and CFP-/YFP-TRPC1 (FRET = 0.13 £ 0.01) in contrast to
CFP-TRPC3 and YFP-TRPV6 (FRET = 0.01 = 0.01), CFP-TRPC4 and YFP-TRPV6 (FRET = 0.02 * 0.01) or CFP-TRPC5 and YFP-TRPV6 (FRET = 0.02 = 0.01). G, HEK293
cells, co-expressing YFP-TRPV6 and TRPC1 were lysed and immunoprecipitated (/P) with anti-TRPC1 antibody followed by Western blotting using anti-GFP
antibody (top). Membranes were reprobed with the immunoprecipitating antibody (bottom). Positions of molecular mass markers are shown on the right.
These results are representative of four independent experiments. Values are mean = S.E. of four independent experiments. *, p < 0.05 versus resting cells.
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FIGURE 4. In vivo interaction of the ankyrin-like repeat domains of TRPC1 and TRPV6: Localization of CFP-N,45-TRPV6 (A, image 1) and YFP-N, o5-TRPC1 (A,
image 2), overlay (A, image 3), and calculated FRET values (A, image 4) are presented for a representative HEK293 cell. Similar image series are shown for
co-expression of CFP-N, o¢-TRPV6 with YFP-N,,s-TRPC1 (B) or YFP-N,,-TRPC1 (C). Average FRET values depicted in D showed significantly increased FRET values
and good co-localization of cells co-expressing CFP-N; 4g-TRPV6 and YFP-N, o5-TRPC1 (FRET = 0.11 % 0.01) in contrast to CFP-N,g-TRPV6 and YFP-N,,5-TRPC1
(FRET = 0.00 = 0.01) or CFP-N, 45-TRPV6 and YFP-N,,-TRPC1 (FRET = 0.00 =+ 0.01).

shown in the time courses and statistical analysis on inward
currents immediately after whole cell break-in. In contrast, cur-
rents of cells co-expressing TRPV6 with AN,45-TRPCI, a
TRPC1 mutant lacking the ankyrin-like repeat domain, (Fig.
5B) were not significantly different to those recorded from
TRPV6-expressing HEK293 cells. Additionally, N;;5-TRPC1 (2
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ankyrin-like repeats; Fig. 5C) or N,,-TRPC1 (no ankyrin-like
repeats; Fig. 5D) failed to significantly reduce TRPV6 currents,
in comparison to control TRPV6. None of the TRPC1 frag-
ments affected the inward rectifying current-voltage relation-
ship of TRPV6 (Fig. 5E). These experiments suggest that the
ankyrin-like repeats mediate an important role in the interac-
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FIGURE 5. Dominant negative effect of a TRPC1 fragment including the whole ankyrin domain on TRPV6: Time course and statistics on initial inward
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tion of TRPC1 and TRPV6, thereby reducing the amount of
plasma membrane-targeted TRPV6.

DISCUSSION

In the present study we identified a specific interaction
between TRPC1 and TRPV6 by confocal FRET microscopy and
co-immunoprecipitation in HEK293 cells. Heterologous co-ex-
pression of TRPC1 and TRPV6 resulted in a strongly dimin-
ished plasma membrane expression of TRPV6 corresponding
with significantly down-regulated TRPV6-mediated Ca**
entry/currents. The current-voltage relationship of the remain-
ing TRPC1/TRPV6 currents was identical to that of TRPV6
suggesting that this interaction retains TRPV6 in intracellular
compartments.

In the small intestine, kidney and bone TRPV6 channel is
required for Ca®" influx (49). To tightly control the cytosolic
Ca?" levels, TRPV6 expression is adjusted by caliotropic hor-
mones, pH and Ca®>"-dependent mechanism (50). In addition,
various channel-associated proteins, including S100A10, cal-
modulin, 80K-H, or Rab11la (50) can regulate TRPV6 activity.
Hence, the here discovered TRPC1 and TRPV6 interaction
increases the variety of regulatory proteins for Ca*>* uptake.

Our biotinylation experiments and confocal images sug-
gested an intracellular retention of TRPV6 by TRPC1 co-ex-
pression. Moreover confocal FRET microscopy revealed thatan
interaction of TRPC1 and TRPV6 already occurred in intracel-
lular compartments. TRPC1 per se remained in intracellular
compartments in HEK293 cells in line with Ref. 8, 48, hence
interaction with TRPV6 interferes with the plasma membrane
targeting of the latter. The remaining currents of TRPC1 and
TRPV6-co-expressing cells resembled those of TRPV6, sug-
gesting that this current is formed by a fraction of remaining
homomeric TRPV6 channels.

Our experiments did not favor a heteromeric channel of
TRPC1 and TRPV6 resulting in a decreased channel activity.
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TRPCI1 proteins can clearly contribute to a functional pore in
homomeric (47) and heteromeric (9, 13, 14) TRPC channels.
However, heteromeric TRPC channels, including TRPC1 with
any other TRPC isoform yielded unique permeation properties
that could be distinguished from their respective homomeric
TRPC channels. Co-expression of TRPC1 and TRPV6 retained
the current-voltage profile in a Ca** and Na* divalent free
solution. Hence it is more likely that in a co-expression of
TRPC1 and TRPV6, only a remaining TRPV6 channel fraction
is targeted to the plasma membrane.

In contrast to TRPC1, co-localization of TRPC3, TRPC4 or
TRPC5 with TRPV6 in living HEK293 cells was weak, failed to
affect the partial plasma membrane targeting of TRPV6 and
yielded very small FRET values. The interaction of TRPC1 and
TRPV6 was intrinsically mediated by their N-terminal ankyrin-
like repeats. Cytosolic TRPC1/V6 ankyrin segments were suffi-
cient to associate in vivo as monitored by confocal FRET
microscopy. Consistently, electrophysiological measurements
revealed that the ankyrin-like repeats of TRPC1 significantly
down-regulated TRPV6 currents, while a TRPC1 mutant lack-
ing these repeats failed to exert a dominant negative effect on
TRPVE.

The N-terminal ankyrin-like repeat domain is present in the
seven members of canonical TRPCs, the six vanilloid TRPV and
TRPA1. Indeed mutations, splice variants or deletion of single
ankyrin-like repeats in TRPC5, TRPV5 and TRPV6 disrupted
their ability to multimerize (31-34). However, analytical size
exclusion chromatography as well as crystallization yielded a
monomeric TRPV6 ankyrin-like repeat in solution (19). These
in vitro studies in comparison to our and other in vivo experi-
ments can be reconciled if endogenous factors may facilitate the
ankyrin-like repeat assembly.

An important function of TRPV6 is the Ca*>* uptake in the
small intestine, kidney, and bone (51). Yet a physiological role
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and the localization of TRPC1 in these tissues are hampered as
long as TRPV6 currents are not functionally identified in native
cell systems. Further studies are needed to analyze the physio-
logical consequence of this intrinsic TRPC1-TRPV6 interac-
tion in the small intestine, kidney, and bone.
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