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The epithelial Ca2� channels TRPV5 and TRPV6 me-
diate the Ca2� influx in 1,25-dihydroxyvitamin D3-re-
sponsive epithelia and are therefore essential in the
maintenance of the body Ca2� balance. These Ca2� chan-
nels assemble in (hetero)tetrameric channel complexes
with different functional characteristics regarding Ca2�-
dependent inactivation, ion selectivity, and pharmaco-
logical block. Glutathione S-transferase pull-downs and
co-immunoprecipitations demonstrated an essential
role of the intracellular N- and C-tails in TRPV5 channel
assembly by physical interactions between N-N tails,
C-C tails, and N-C-tails. Patch clamp analysis in human
embryonic kidney (HEK293) cells and 45Ca2� uptake ex-
periments in Xenopus laevis oocytes co-expressing
TRPV5 wild-type and truncated proteins indicated that
TRPV5�N (deleted N-tail) and TRPV5�C (deleted C-tail)
decreased channel activity of wild-type TRPV5 in a dom-
inant-negative manner, whereas TRPV5�N�C (deleted
N-tail/C-tail) did not affect TRPV5 activity. Oocytes co-
expressing wild-type TRPV5 and TRPV5�N or TRPV5�C
showed virtually no wild-type TRPV5 expression on the
plasma membrane, whereas co-expression of wild-type
TRPV5 and TRPV5�N�C displayed normal channel sur-
face expression. This indicates that TRPV5 traffick-
ing toward the plasma membrane was disturbed by
assembly with TRPV5�N or TRPV5�C but not with
TRPV5�N�C. TRPV5 channel assembly signals were re-
fined between amino acid positions 64–77 and 596–601
in the N-tail and C-tail, respectively. Pull-down assays
and co-immunoprecipitations demonstrated that N- or
C-tail mutants lacking these critical assembly domains
were unable to interact with tails of TRPV5. In conclu-
sion, two domains in the N-tail (residues 64–77) and
C-tail (residues 596–601) of TRPV5 are important for
channel subunit assembly, subsequent trafficking of the
TRPV5 channel complex to the plasma membrane, and
channel activity.

TRPV5 and TRPV6 constitute the Ca2� influx pathway in
1,25-dihydroxyvitamin D3-responsive epithelia, including
small intestine, kidney, and placenta, and play a vital role in
the process of Ca2� (re)absorption (1–4). Both channels belong
to a distinct subfamily (TRPV) within the superfamily of tran-

sient receptor potential channels (TRP).1 The TRP family con-
sists of a diverse group of non-voltage-gated cation channels,
including TRPC (canonical), TRPM (melastatin), and TRPV
(vanilloid) subfamilies, which varies significantly in their se-
lectivity and mode of activation (5). The understanding of the
function, gating, regulation, and structure assembly of the TRP
family is developing rapidly. Initially, it was demonstrated that
the Drosophila TRP and TRPL members form heteromultim-
eric channels associated in a supramolecular signaling complex
with specific receptors and regulators (6). Moreover, it has been
identified that there are many channel compositions within the
TRPC family, e.g. TRPC1/3, TRPC1/5, TRPC4/5, and TRPC3/
6/7 (7–9). Within the TRPV family, the oligomeric structure of
TRPV1 was studied by biochemical cross-linking, and the pre-
dominant existence of tetramers was suggested (10). More re-
cently, it has been reported that TRPV5 and TRPV6 form
homo- or heterotetramers in order to generate a pleiotropic set
of functional channels with different Ca2� transport (11–13).
TRPV5 and TRPV6 share 75% sequence homology at the amino
acid level (11–13) and display several similar functional prop-
erties, including the permeation profile for monovalent and
divalent cations (14) and regulation by calciotropic hormones
(15–21). However, detailed sequence comparison of the N- and
C-tails of the TRPV5 and TRPV6 channels reveals significant
differences, which may account for the unique electrophysi-
ological properties including differences of inactivation, kinetic
properties, and affinity for the blocker ruthenium red between
these two homologous channels (22).

A considerable amount of information in channel subunit
assembly has been accumulated by studies on voltage-gated K�

(Kv) channels that are structurally related to the TRP chan-
nels. Previous studies indicated that the subfamily of Shaker-
related Kv channels possesses a T1 domain in the N-tail, which
confers subfamily specificity and inter-subunit assembly (23).
This highly conserved T1 domain has been shown to spontane-
ously form tetramers in the absence of transmembrane se-
quences (24, 25). Crystallization of this domain further verified
the reported biochemical and functional data and implicated
that T1 is also involved in channel gating (25, 26). To date, no
information is available about assembly domains in TRP pro-
teins. Because TRPV5 shares common structural features with
Kv channels, we hypothesized that there is at least one assem-
bly signal within this channel.

The aim of the present study was to identify the regions in
TRPV5 involved in channel assembly. By using different ex-
perimental approaches, including pull-down, co-immunopre-
cipitation, patch clamp, and immunocytochemical analysis, two
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critical domains in the N-tail and C-tail were identified to be
involved in TRPV5 channel assembly and subsequent traffick-
ing to the plasma membrane.

EXPERIMENTAL PROCEDURES

DNA Constructs and cRNA Synthesis—The N- and C-tails of TRPV5
were amplified and tagged with an HA or FLAG tag, respectively, by the
use of PCR on the full-length cDNA of TRPV5, and were subsequently
cloned into the pGEX 6p-2 (Amersham Biosciences) vector and the
pT7Ts Xenopus laevis oocytes expression vector (27). (For HA-tagged
TRPV5 N-tail, forward primer 5�-ATGTACCCATACGACGTGCCAGA-
CTACGCAGGGGCCTGTCCACCCAAGG-3� and reverse primer 5�-TT-
AAGGCCGCCCGTATTTCTTC-3� were used. For FLAG-tagged TRPV5
N-tail, forward primer 5�-ATGGACTACAAGGATGACGATGACAAGG-
GGGCCTGTCCACCCAAGG-3� and reverse primer 5�-TTAAGGCCGC-
CCGTATTTCTTC-3� were used. For HA-tagged TRPV5 C-tail, forward
primer 5�-ATGTACCCATACGACGTGCCAGACTAC-GCAGGCGACA-
CTCACTGGCGGG-3� and reverse primer 5�-TCAGAAATGGTAGACT-
TCC-3� were used. For FLAG-tagged TRPV5 C-tail, forward primer
5�-ATGGACTACAAGGATGACGATGACAAGGGCGACACTCACTGG-
CGGG-3� and reverse primer 5�-TCAGAAATGGTAGACTTCC-3� were
used.) TRPV5 truncated proteins in which the N-tail (TRPV5�N), C-tail
(TRPV5�C), or both tails (TRPV5�N�C) were deleted were obtained by
PCR and cloned into the pCINeo/IRES-GFP vector and subcloned into
the pT7Ts vector (21). Deletion mutants of the assembly domain in the
N-tail (deleted amino acids 64–76) or the C-tail (deleted amino acids
595–600) were obtained by in vitro mutagenesis and subcloned into the
PT7Ts vector. (For N-tail deletion, forward primer 5�-CTGCGTCTCCT-
TAAGATAGCTGTGGGGGAGACGGCG-3� and reverse primer 5�-CGC-
CGTCTCCCCCACAGCTATCTTAAGGAGACGCAG-3� were used. For
C-tail deletion, forward primer 5�-GTTGTGGCCACCACCGTGATGC-
CTCGCTTCCTGTGG-3� and reverse primer 5�-CCACAGGAAGCGAG-
GCATCACGGTGGTGGCCACAAC-3� were used.) pT7Ts constructs
were linearized, and cRNA was synthesized in vitro as described pre-
viously (21). All constructs were verified by sequence analysis.

Electrophysiology—The full-length cDNA encoding wild-type TRPV5,
TRPV5�N, TRPV5�C, and TRPV5�N�C were transfected in HEK293
cells as described previously (22, 28). Currents using the whole-cell
configuration were measured with an EPC-9 (HEKA Elektronik, Lam-
brecht, Germany; 8-pole Bessel filter, 10 kHz). Electrode resistances
were between 2 and 5 megohms; capacitance and series resistance were
compensated, and access resistance was monitored continuously. The
step protocol consisted of 3-s voltage steps to �100 mV from a holding
potential of �70 mV. The standard extracellular solution contained 150
mM NaCl, 1 mM CaCl2, 6 mM CsCl, 1 mM MgCl2, 10 mM glucose, and 10
mM HEPES/CsOH (pH 7.4). Monovalent cation currents were measured
in nominally Ca2�- and Mg2�-free solution (free Ca2� concentration is
10 nM), and Ca2� currents in 1 mM CaCl2 but Mg2�-free solutions.
Monovalent cation currents were inhibited by replacing 150 mM NaCl
with an equimolar amount of N-methyl-D-glucamine-Cl. The standard
internal (pipette) solution contained the following: 20 mM CsCl, 100 mM

cesium aspartate, 1 mM MgCl2, 10 mM 1,2-bis(2-aminophenoxy)ethane-
N,N,N�,N�-tetraacetic acid, 4 mM Na2ATP, and 10 mM HEPES/CsOH
(pH 7.2). Cells were kept in a nominally Ca2�-free medium to prevent
Ca2� overload and were exposed for a maximum of 5 min to a Krebs
solution containing 1.5 mM Ca2� before sealing the patch pipette to the
cell. All experiments were performed at room temperature (RT;
20–22 °C).

GST Fusion Proteins and Pull-down Assay—PGEX6p-2 constructs
were transformed in E. coli BL21, and GST-fused proteins were ex-
pressed and purified as described previously (21). Proteins of full-length
TRPV5, TRPV5 N-tail, C-tail, or N- and C-tail deletion mutants were
translated in vitro with [35S]methionine (ICN Biomedicals Irvine, CA)
for 120 min at 30 °C using rabbit reticulocyte lysates (Promega,
Madison, WI). In vitro translated proteins were added to purified GST-
fused truncated proteins, immobilized on glutathione-Sepharose 4B
beads (Amersham Biosciences). After 2 h of incubation at RT, the beads
were washed extensively with pull-down buffer (20 mM Tris-HCl (pH
7.4), 140 mM NaCl, 1 mM CaCl2, 0.2% (v/v) Triton X-100, 0.2%
(v/v) Nonidet P-40), and bound proteins were eluted with SDS-PAGE
loading buffer and separated on SDS-polyacrylamide gels. Following
electrophoresis, gels were analyzed by autoradiography (21).

Injection of Oocytes and Total Membrane Isolation—X. laevis oocytes
were prepared and injected as described previously (21). To isolate total
lysates, 20 oocytes were homogenized in 200 �l of homogenization
buffer (HBA) (20 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 5 mM NaH2PO4, 1
mM EDTA, 80 mM sucrose, 1 mM PMSF, 10 �g/ml leupeptin, and 10

�g/ml pepstatin) and centrifuged twice at 100 � g for 10 min at 4 °C to
remove yolk proteins. Next the total lysates were taken up in Laemmli
buffer (2 �l/oocyte) at 37 °C for 30 min (2, 22, 29).

Immunoblot Analysis—Total lysates were subjected to SDS-PAGE
(12–16% w/v) and blotted onto polyvinylidene difluoride membranes
(Millipore Corp. Bedford, MA). Blots were incubated with 5% (w/v)
non-fat dried milk (NFDM) in TBS-T (Tris-buffered saline (pH 7.4)
containing 0.2% (v/v) Tween 20). Immunoblots were incubated over-
night at 4 °C with mouse anti-HA (1:4000) or mouse anti-FLAG (1:8000)
antibodies (Sigma), in 1 or 5% (w/v) NFDM in TBS-T, respectively. After
washing, immunoblots were incubated at RT with the corresponding
secondary antibody sheep anti-mouse IgG peroxidase (Sigma), (1:2000)
in TBS-T. For co-immunoprecipitation assays, immunoblots were incu-
bated overnight at 4 °C with mouse anti-FLAG peroxidase-coupled an-
tibody (1:2000) (Sigma), 5% (w/v) NFDM in TBS-T. Immunopositive
bands were visualized by using an enhanced chemiluminescence
system (Pierce).

Co-immunoprecipitation—Twenty-microliter equivalents of protein
A-coupled agarose beads (Amersham Biosciences) were preincubated
for 3 h at RT with 2 �l of monoclonal anti-HA antibody (Sigma) in 0.7
ml of IPP500 (500 mM NaCl, 10 mM Tris (pH 8.0), 0.1%(v/v) Nonidet
P-40, 0.1%(v/v) Tween 20, 1 mM PMSF, 10 �g/ml leupeptin, 10 �g/ml
pepstatin) and 0.1%(w/v) bovine serum albumin. The beads were
washed three times with IPP100 (100 mM NaCl, 10 mM Tris (pH 8.0),
0.1% (v/v) Nonidet P-40, 0.1% (v/v) Tween 20, 1 mM PMSF, 10 �g/ml
leupeptin, 10 �g/ml pepstatin). Thirty oocytes were co-injected (each
12.5 ng) with HA- and FLAG-tagged TRPV5 N-tail or C-tail cRNA or
cRNA transcribed from the deletion mutants. Oocytes were subse-
quently homogenized with 150 �l of solubilization buffer (20 mM Tris
(pH 8.0), 10% (v/v) glycerol, 5 mM EDTA, 0.5% (v/v) Nonidet P-40, 1 mM

PMSF, 10 �g/ml leupeptin, 10 �g/ml pepstatin) and incubated on ice for
1 h and centrifuged at 16,000 � g for 1 h at 4 °C. The solubilized
proteins were added to antibody-bound beads in sucrose buffer (100 mM

NaCl, 20 mM Tris (pH 8.0), 5 mM EDTA, 0.1% (v/v) Triton X-100, 10%
(w/v) sucrose, 1 mM PMSF, 10 �g/ml leupeptin, 10 �g/ml pepstatin) and
incubated overnight at 4 °C. Subsequently, the beads were washed with
IPP100, and proteins were eluted in Laemmli as described previously
(29).

Immunocytochemistry—X. laevis oocytes were injected with 5 ng of
cRNA of HA-tagged TRPV5 or co-injected with 5 ng of cRNA of HA-
tagged TRPV5 and 10 ng of nontagged TRPV5 mutants (TRPV5�C,
TRPV5�N, and TRPV5�N�C), respectively. Immunocytochemistry was
performed as described previously (30, 31).

45Ca2� Uptake Assay—X. laevis oocytes were injected with 5 ng of
HA-TRPV5 cRNA only or co-injected with 10 ng of TRPV5�N,
TRPV5�C or TRPV5�N�C cRNA. Ca2� uptake was determined 2 days
after injection as described previously (2).

Plasma Membrane Isolation—X. laevis oocytes were injected with 5
ng of HA-TRPV5 cRNA only or co-injected with 5 ng of HA-TRPV5 and
10 ng of TRPV5 truncated cRNA (TRPV5�C, TRPV5�N, or
TRPV5�N�C). After 48 h follicle membranes were manually removed,
and 12 oocytes were incubated in MBSS (20 mM MES, 80 mM NaCl, pH
6.0, containing 1% (v/v) positively charged colloidal silica (Ludox Cl,
Aldrich, Bornem, Belgium)) at 4 °C for 30 min (29). Subsequently,
oocytes were washed twice in MBSS and incubated with 0.1% (v/v)
sodium polyacrylic acid (Aldrich) in MBSS at 4 °C for 30 min. Oocytes
were homogenized in HBA buffer, and plasma membranes were iso-
lated by serial centrifugation four times at 13.5 � g, two times at 24 �
g, and two times at 38 � g. One-ml supernatant was exchanged with
HBA buffer after each centrifugation step. Finally, membranes were
pelleted at 16,000 � g for 30 min, dissolved in SDS sample buffer, and
analyzed by immunoblotting.

RESULTS

Pull-down Assay of N-tail and C-tail of TRPV5—The role of
TRPV5 N-tail and C-tail in the channel assembly was initially
examined using pull-down assays. TRPV5 N-tail and C-tail
were expressed as GST fusion proteins and subsequently tested
for their interaction with in vitro translated full-length TRPV5
or the TRPV5 N-tail and C-tail. As depicted in Fig. 1A, the
GST-fused N-tail and C-tail associated with in vitro translated
[35S]methionine-TRPV5. Moreover, pull-down analysis demon-
strated N-tail-N-tail (Fig. 1B) and C-tail-C-tail interactions
(Fig. 1C). To investigate whether the N-tail preferentially in-
teracts with the N- or C-tail, the GST-N-tail was incubated
with in vitro translated N- and C-tail simultaneously. This
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pull-down experiment indicated that the GST-N-tail preferen-
tially binds the in vitro translated N-tail (Fig. 1D). All interac-
tions were specific, as no interaction with GST alone was
observed.

Co-immunoprecipitation of N-tail and C-tail of TRPV5—The
findings from the pull-down experiments suggested that the
N-tail and C-tail of TRPV5 contributed to channel assembly.
Therefore, we tested whether the N-tail and C-tail of TRPV5
can be co-immunoprecipitated. First, immunoblot analysis con-
firmed expression of both tails that were specifically detected
by the applied anti-HA or anti-FLAG antibody, respectively.
The anti-HA antibody specifically detected the HA-N-tail in
total lysates from oocytes co-expressing HA-N-tail and FLAG-
C-tail, whereas anti-FLAG antibody only recognized the FLAG-
C-tail (Fig. 2A). The HA- and FLAG-tagged N-tails (Fig. 2B),
HA- and FLAG-tagged C-tails (Fig. 2C), or HA-N-tail with
FLAG-C-tail of TRPV5 (Fig. 2D) were co-expressed and subse-
quently immunoprecipitated using the anti-HA antibody. Im-
munoblots containing the immune complexes were probed with
the anti-FLAG antibody. Most interestingly, Fig. 2 showed that
FLAG-tagged N-tail or C-tail was co-immunoprecipitated with
the HA-tagged N-tail or C-tail of TRPV5, demonstrating N-N,
C-C, and N-C interactions in a TRPV5 channel complex.

Functional Analysis of TRPV5 Channel Assembly—To fur-
ther elucidate the functional consequences of the observed in-

teractions between N-N tail, N-C tail, and C-C tail, the effect of
co-expressing TRPV5 wild-type and truncated proteins
(TRPV5�N, TRPV5�C, or TRPV5�N�C) on TRPV5 activity at
the plasma membrane was determined in X. laevis oocytes and
HEK293 cells. First, oocytes were injected with HA-TRPV5
only or co-injected with TRPV5�N, TRPV5�C, or TRPV5�N�C
cRNA. Expression of TRPV5 resulted in �3.5-fold increase of
45Ca2� influx compared with noninjected oocytes (Fig. 3A).
Co-expression of TRPV5�N significantly decreased the TRPV5-
mediated Ca2� influx compared with TRPV5 alone, whereas
co-expression of TRPV5�C completely inhibited Ca2� influx to
a level that was indistinguishable from noninjected oocytes. In
contrast, co-expression of TRPV5�N�C had no significant ef-
fect on TRPV5 channel activity (Fig. 3A). 45Ca2� uptake in
oocytes expressing only TRPV5�N, TRPV5�C, or TRPV5�N�C
was not different from noninjected oocytes (data not shown).
Second, patch clamp analysis was performed to investigate the
electrophysiological properties of channel complexes consisting
of wild-type and TRPV5 truncated proteins. Truncated chan-
nels, including TRPV5�N, TRPV5�C, and TRPV5�N�C, were
(co)expressed with wild-type TRPV5 in HEK293 cells. As
shown in Fig. 3B, HEK293 cells expressing TRPV5�N,
TRPV5�C or TRPV5�N�C did not yield any Na� currents and
were not different from nontransfected cells (data not shown).
Remarkably, HEK293 cells co-expressing wild-type TRPV5 and

FIG. 1. Pull-down analysis of N-tail
and C-tail of TRPV5. GST fusion pro-
teins containing N-tail and C-tail of
TRPV5 were immobilized on glutathione-
Sepharose 4B beads and incubated with
in vitro translated [35S]methionine full-
length TRPV5, (A), TRPV5 N-tail (B), C-
tail (C), or both tails (D). The assembly
was detected between in vitro translated
full-length of TRPV5 and GST-fused
TRPV5 N-tail or C-tail (A). Furthermore,
an interaction of the N-tail with the N-tail
(B) or the C-tail with C-tail (C) was ob-
served. Incubation of the GST-N-tail with
both in vitro translated N-tail and C-tail
indicated a preference for N-N interaction
rather than N-C interaction (D). No bind-
ing to GST alone was detected.

FIG. 2. Co-immunoprecipitation of
N-tail with C-tail of TRPV5. X. laevis
oocytes were co-injected with cRNA of
HA- and FLAG-tagged N-tails, C-tails, or
HA-tagged N-tail and FLAG-tagged
C-tail of TRPV5, respectively. The cell ly-
sates were processed for immunoprecipi-
tation and immunoblot analysis. Anti-HA
antibody specifically recognized HA-N-
tail in total lysates from oocytes co-ex-
pressing HA-N-tail and FLAG-C-tail,
whereas anti-FLAG antibody only de-
tected the FLAG-C-tail (A). Subsequently,
oocyte lysates were subjected to immuno-
precipitation using the anti-HA antibody,
and immunoblots containing protein com-
plexes were probed with the anti-FLAG
antibody. Co-immunoprecipitations
were observed between HA- and FLAG-
tagged N-tails (B), HA- and FLAG-
tagged C-tails (C), and HA-tagged N-tail
and FLAG-tagged C-tail of TRPV5 (D).
NI, noninjected.
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TRPV5�N or TRPV5�C displayed significantly reduced Na�

currents compared with wild-type TRPV5 alone. Inversely,
Na� currents measured in HEK293 cells co-expressing wild-
type TRPV5 and TRPV5�N�C were not significantly affected,
indicating that it is unlikely that the transmembrane domains
of TRPV5 are critical determinants for subunit assembly.

TRPV5 Routing Is Disturbed by Mutant Channel Assem-
bly—In order to understand the molecular mechanism under-
lying the dominant-negative effect of TRPV5 truncated pro-
teins (TRPV5�N and TRPV5�C) on wild-type TRPV5 channel
activity, a biochemical and immunocytochemical approach was
combined. The expression of HA-TRPV5 was determined by
analyzing plasma membrane and total membrane fractions of
oocytes expressing TRPV5 alone or in combination with the
truncated proteins. A distinct band at a molecular mass of �85
kDa corresponding to the glycosylated form of TRPV5 was
observed in plasma membrane fractions of TRPV5-expressing
oocytes (Fig. 3C). Most importantly, wild-type TRPV5 expres-
sion was significantly reduced or absent in plasma membrane
fractions of oocytes co-expressing TRPV5�N or TRPV5�C, re-
spectively. However, co-injection of TRPV5�N�C had no effect
on the plasma membrane localization of TRPV5 (Fig. 3C). Most
importantly, total membrane fractions showed that TRPV5
was expressed to a similar extent in the absence and presence
of the TRPV5 truncated proteins (Fig. 3D). These results were
verified by immunocytochemistry to detect TRPV5 localization
on the plasma membrane. In contrast to noninjected oocytes
(Fig. 4A), wild-type TRPV5 cRNA-injected oocytes displayed a
strong immunopositive labeling along the plasma membrane,

FIG. 3. Functional analysis of TRPV5 channel assembly. A, 45Ca2� uptake was measured in oocytes injected with TRPV5 cRNA only or
co-injected with TRPV5�N, TRPV5�C, or TRPV5�N�C cRNA. B, HEK293 cells were transfected with wild-type TRPV5 or TRPV5 truncated
proteins, including TRPV5�N, TRPV5�C, or TRPV5�N�C, or co-transfected with wild-type TRPV5 and TRPV5�N, TRPV5�C, or TRPV5�N�C,
and subsequently analyzed by patch clamp analysis. * indicates significance compared with TRPV5 transfected cells, p � 0.05. The Na� currents
in HEK293 cells transfected with TRPV5�N, TRPV5�C, or TRPV5�N�C only were not significant different from nontransfected cells (data not
shown). HA-TRPV5 and truncated proteins were co-injected in X. laevis oocytes. To isolate plasma membrane fractions follicle membranes were
removed, and plasma membranes were coated with silica. Plasma membrane fractions (C) or total membranes (D) were isolated, blotted, and
analyzed for TRPV5 expression using monoclonal anti-HA antibody. NI, noninjected; NT, nontransfected.

FIG. 4. TRPV5�N and TRPV5�C expression impaired TRPV5
plasma membrane trafficking. X. laevis oocytes were injected with
cRNA of HA-tagged wild-type TRPV5 or co-injected with cRNA of HA-
tagged wild-type TRPV5 and cRNA of nontagged TRPV5�N, TRPV5�C,
or TRPV5�N�C. Immunocytochemistry was performed on X. laevis
oocytes to investigate the effect of TRPV5 truncated proteins on TRPV5
localization. Oocytes injected with wild-type TRPV5 showed predomi-
nantly immunopositive TRPV5 staining along the plasma membrane
(B), whereas TRPV5 staining in oocytes co-expressing TRPV5�N (D) or
TRPV5�C (E) was not localized at the plasma membrane but accumu-
lated intracellularly. In addition, oocytes co-injected with wild-type
TRPV5 and TRPV5�N�C displayed immunopositive staining of the
channel along the plasma membrane (C). As a negative control nonin-
jected (NI) oocytes were treated in a similar way and were devoid of any
staining (A).
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whereas the cytoplasm was only faintly stained (Fig. 4B). Most
importantly, plasma membrane staining of TRPV5 was signif-
icantly decreased in oocytes co-expressing HA-TRPV5 and
TRPV5�N and to a lesser extent HA-TRPV5 and TRPV5�C
(Fig. 4, D and E). A strong immunopositive staining was, how-
ever, present along the plasma membrane of oocytes co-injected
with HA-TRPV5 and TRPV5�N�C (Fig. 4C). The localization of
TRPV5 in the presence of TRPV5�N or TRPV5�C was predom-
inantly intracellular. Together, these results indicated that the
trafficking of HA-TRPV5 from cytosol toward the plasma mem-
brane was disturbed by assembly with TRPV5�N or TRPV5�C,
but not with TRPV5�N�C, explaining the reduced channel
activity. Most importantly, immunoblot analysis demonstrated
that the total expression of TRPV5 was equal under all
conditions (Fig. 3D).

Identification of the Assembly Signal in the N- and C-tail of
TRPV5—To gather more detailed information regarding struc-
tural requirements for channel subunit assembly of TRPV5, a
series of deletion mutants of the N- and C-tails were con-
structed (Fig. 5). Truncated forms of TRPV5 N-tail and C-tail
were expressed as GST fusion proteins and subsequently tested
for their interaction with in vitro translated TRPV5 N-tail and
C-tail using pull-down assays. As depicted in Fig. 5 (left part),
the interaction between GST-fused N-tail truncations and the
in vitro translated N-tail was abolished at amino acid positions
64 and 55, whereas truncations at the positions 240 to 77

associated with in vitro translated N-tail. In addition, pull-
down analysis demonstrated that the association of the C-tail
and [35S]methionine-TRPV5 C-tail disappeared when the tail
was truncated at position 596, whereas truncations at position
704 to 601 did not affect the interaction (Fig. 5, right part).
Therefore, two critical regions for TRPV5 channel assembly
were located between amino acid positions 64–77 (Fig. 5, left
part) and 596–601 (Fig. 5, right part) in the N- and C-tail,
respectively. To elucidate further the role of the assembly do-
mains, these regions were deleted in the N-tail (N-tail�64–76)
and the C-tail (C-tail�596–600) and subsequently analyzed by
pull-downs and co-immunoprecipitations as described above.
First, the N-tail and the C-tail of TRPV5 were expressed as
GST fusion proteins and subsequently analyzed for their inter-
action with in vitro [35S]methionine translated N-tail, C-tail,
and the N-tail and C-tail deletion mutants. In contrast to
wild-type N-tail and C-tail, N-tail�64–76 and C-tail�596–600
did not interact with the N- and C-tail (Fig. 6A). Second, X.
laevis oocytes were co-injected with wild-type and mutant HA-
N-tail and FLAG-N-tail or HA-C-tail and FLAG-C-tail. Co-
immunoprecipitations demonstrated that assembly between
HA-N-tail/FLAG-N-tail�64–76, HA-N-tail/FLAG-C-tail�596–
600, and HA-C-tail/FLAG-C-tail�596–600 was abolished,
whereas binding between wild-type N- and C-tails was ob-
served (Fig. 6B, left). Most importantly, both wild-type and
mutant tails were equally expressed (Fig. 6B, right).

FIG. 5. Mapping of assembly domains in TRPV5. GST fusion proteins containing different portions of the N-tail (left) and C-tail (right) of TRPV5
were constructed according to the schematic drawing. These proteins were immobilized on glutathione-Sepharose 4B beads and then incubated with
in vitro translated [35S]methionine TRPV5 N-tail (left) or C-tail (right). Interaction of the N-tail or C-tail with the GST fusion proteins was determined
by immunoblotting. The assembly domain in the N-tail was localized between residues 64 and 77 (left), whereas the interaction region in the C-tail
(right) was observed between residues 596 and 601. GST was used as a negative control in the pull-down experiments. These assembly domains
identified in the N- and C-tail are functionally conserved within TRPV5 and TRPV6 members as indicated by the alignments.
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DISCUSSION

In the present study molecular determinants were identified
in TRPV5 that play a key role in the formation of the functional
channel complex. Using a combined approach of several inde-
pendent methods, we conclude that at least two regions in the
cytosolic tails of TRPV5 are important for channel assembly
and subsequent routing to the plasma membrane. This conclu-
sion is based on the following: (i) pull-down assays and co-
immunoprecipitations that demonstrated physical interactions
between the N-tail/N-tail, N-tail/C-tail, and C-tail/C-tail of
TRPV5; (ii) 45Ca2� uptake measurements in oocytes and patch
clamp analysis in HEK293 cells that showed the dominant-
negative nature of TRPV5 truncated channel subunits, lacking
the N-tail or C-tail, on TRPV5 wild-type channel activity; (iii)
plasma membrane fractions and immunocytochemical analysis
that demonstrated a disturbed trafficking of TRPV5 in oocytes
co-expressing TRPV5�C and TRPV5�N toward the plasma
membrane explaining the molecular mechanism of the reduced
channel activity; (iv) mapping assays that revealed two critical
assembly domains located at positions 64–77 in the N-tail and
596–601 in the C-tail of TRPV5; (v) deletion of these assembly
domains in the N-tail and C-tail that abolished the interaction
between the tails pointing to an important role of these regions
in channel assembly.

By analogy with other cation channel subunits consisting of
six transmembrane-spanning domains, TRP members are be-
lieved to assemble into homo- or heterotetrameric complexes.
These complexes have been verified by classical methods such
as co-immunoprecipitation, cross-linking analysis, or func-
tional assays applying dominant-negative pore mutants (7–10,
32). Recently, we demonstrated a (hetero)tetrameric stoichiom-
etry for TRPV5 and TRPV6 (32). Heterotetrameric TRPV5/6

proteins displayed properties that, depending on the subunit
configuration, are intermediate between TRPV5 and TRPV6.
Exchanging TRPV5 for TRPV6 subunits in a channel tetramer
has major effects on Ba2� permeability, Ca2�-dependent inac-
tivation, and the block by ruthenium red (32). In this way,
Ca2�-transporting epithelia co-expressing TRPV5 and TRPV6
may be able to generate a pleiotropic set of functional heterotet-
rameric channels. To date, little information is available about
assembly domains in TRP proteins.

Our understanding of the architecture of functional TRP
channels reflects only the end point of a complex and the poorly
understood assembly pathway. Current research is beginning
to elucidate the intermediate steps between the synthesis and
insertion of individual subunits into the membrane. Our data
indicated N-tail-N-tail and C-tail-C-tail interactions within the
TRPV5 channel complexes. In addition, co-immunoprecipita-
tions demonstrated that assembly of TRPV5 subunits occurred
not only within N-tails or C-tails but also between the N-tail
and C-tail. In order to further explore the crucial domains in
the N-tail and C-tail for TRPV5 channel assembly, we con-
structed a series of truncated deletion mutants. Pull-down
analysis indicated that a short peptide stretch at amino acids
64–77 is necessary for N-tail/N-tail interaction, whereas the
critical region for C-tail/C-tail interaction is located between
amino acids 596 and 601. Furthermore, we demonstrated by
pull-down assays and co-immunoprecipitations that N- and
C-tail mutants lacking these assembly domains are not able to
interact with the TRPV5 tails. These findings indicated that
the interaction between TRPV5 channel subunits depends on
assembly signals present in the N-tail and C-tail.

It is likely that assembly also occurs within the N-tail and
C-tail of TRPV6 because TRPV5 and TRPV6 share more than

FIG. 6. Pull-downs and co-immunoprecipitation assays of N- and C-tail deletion mutants of TRPV5. A, GST fusion proteins containing
the N-tail and C-tail of TRPV5 were immobilized on glutathione-Sepharose 4B beads and incubated with in vitro translated [35S]methionine
TRPV5 N-tail and C-tail or N-tail mutant lacking amino acid residues 64–76 (N-tail�64–76) and C-tail mutant lacking amino acid residues
596–600 (C-tail�596–600). B, X. laevis oocytes were co-injected with HA-N-tail and FLAG-N-tail or FLAG-N-tail�64–76, HA-N-tail, and
FLAG-C-tail or FLAG-C-tail�596–600, HA-C-tail, and FLAG-C-tail or FLAG-C-tail�596–600, respectively. Cell lysates were processed for
immunoprecipitation and immunoblotting, and subsequently protein complexes were probed with the anti-FLAG antibody. Both wild-type and
mutant tails were equally expressed (right).
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75% homology at the amino acid level, raising the possibility
that both N-tail and C-tail assembled together in order to form
functional heterotetrameric channel complexes of TRPV5 and
TRPV6 (22). Recently, Niemeyer and co-workers (33) demon-
strated that the third ANK repeat within the N-tail of TRPV6
is critical for TRPV6 subunit assembly. This repeat initiates a
molecular zippering process that proceeds past the fifth ANK
repeat and thereby creates an intracellular anchor necessary
for functional subunit assembly. In addition, deletion of this
region prevented TRPV6-TRPV6 self-association and genera-
tion of functional channels (33). Pull-down mapping experi-
ments and co-immunoprecipitations in our study identified an
assembly domain in the N-tail of TRPV5 that is located more
upstream, overlapping with the first ANK repeat. The most
significant binding was found between the N-terminal regions
64–77. However, a slightly stronger binding signal was ob-
served with the truncated protein at position 162 that contains
the first three ANK repeats (33). These findings may suggest
that the ANK repeat identified in TRPV6 could also be involved
in TRPV5 channel assembly. ANK repeats have been fre-
quently implicated in protein-protein interactions. In addition,
structure prediction programs indicated that both assembly
domains identified in TRPV5 participate in a predicted �-hel-
ical structure that is often engaged in protein-protein interac-
tions to form higher order structures (34).

Detailed information about the domains involved in the proc-
ess of channel subunit assembly of TRPV5 is a prerequisite for
obtaining further insight into the function and properties of
this channel. 45Ca2� uptake measurements demonstrated that
the Ca2� influx is significantly decreased or abolished in oo-
cytes co-injected with wild-type TRPV5 and TRPV5�N or
TRPV5�C, respectively. These findings are consistent with the
patch clamp analysis in which the Na� currents were signifi-
cantly reduced in HEK293 cells co-expressing wild-type TRPV5
with TRPV5�N or TRPV5�C. Plasma membrane fractions and
immunocytochemistry in oocytes demonstrated the dominant-
negative effect of TRPV5�N or TRPV5�C on trafficking of the
wild-type TRPV5 channel to the plasma membrane. Most in-
triguingly, TRPV5 surface expression and activity were signif-
icantly more reduced in cells co-expressing TRPV5�C com-
pared with TRPV5�N. This suggests a major role of the N-tail
domain rather than the C-tail domain in channel assembly,
which was further substantiated by pull-down experiments in
which the GST-N-tail preferentially binds the N-tail compared
with the C-tail. Most importantly, we demonstrated that the
TRPV5 channel activity was not significantly affected in cells
co-expressing wild-type TRPV5 with TRPV5�N�C, which was
further substantiated by a normal channel distribution on the
plasma membrane of the oocyte underlining the specific in-
volvement of the cytoplasmic tails.

Our observations are in line with the structurally related K�

channels. The role of the N-tail in the oligomerization of Shaker
K� subunits was first recognized by the laboratory of Jan and
co-workers (35). They identified a cytoplasmic sequence preced-
ing the first transmembrane segment that was conserved
among Kv1 subfamily members. In Shaker channels, the con-
served region is found between residues 97 and 196 and is
named T1 (36). Subfamily-specific assembly is provided pri-
marily by polar interactions encoded in a conserved set of
amino acids at its tetramerization interface (25). Despite the
overall structural similarity between the various K� channel
families, there appears to be little or no mixing of K� channel
subunits between channel families (26, 35, 37–39). In the
Shaker Kv1 subfamily, the N-tail domain mediates oligomer-
ization and prevents heteromultimer formation with members
of other Kv subfamilies (35). Structures of the T1 domains of

Shaker K� channel subfamilies provided valuable structural
insights into understanding both channel assembly and func-
tional regulation of the entire channel molecule through con-
formational changes (25). Most interestingly, previous studies
suggested that T1 plays a role not only in channel assembly but
also in channel gating and that conformational changes across
the buried polar interface between subunits are a crucial part
of the gating process (40). Further studies will address the
question whether the identified assembly signals in TRPV5
play also a role in channel gating.

In summary, both the N-tail (amino acids 64–77) and C-tail
(amino acids 596–601) are critical for TRPV5 channel assem-
bly. Truncated TRPV5 channels at the N- or C-tail oligomerize
with wild-type TRPV5 channels leading to the formation of
mutant channel complexes that do not reach the plasma mem-
brane. Therefore, assembly of channel subunits is essential for
routing of the TRPV5 channel complex and subsequent activity
on the plasma membrane.
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