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TRPV5 and TRPV6 are the most Ca2ⴙ-selective members of the transient receptor potential (TRP) family
of cation channels and play a pivotal role in the maintenance of Ca2ⴙ balance in the body. However, little is
known about the mechanisms controlling the plasma membrane abundance of these channels to regulate
epithelial Ca2ⴙ transport. In this study, we demonstrated the direct and specific interaction of GDP-bound
Rab11a with TRPV5 and TRPV6. Rab11a colocalized with TRPV5 and TRPV6 in vesicular structures underlying the apical plasma membrane of Ca2ⴙ-transporting epithelial cells. This GTPase recognized a conserved
stretch in the carboxyl terminus of TRPV5 that is essential for channel trafficking. Furthermore, coexpression
of GDP-locked Rab11a with TRPV5 or TRPV6 resulted in significantly decreased Ca2ⴙ uptake, caused by
diminished channel cell surface expression. Together, our data demonstrated the important role of Rab11a in
the trafficking of TRPV5 and TRPV6. Rab11a exerts this function in a novel fashion, since it operates via direct
cargo interaction while in the GDP-bound configuration.
show a distinct subcellular localization, making them ideal
candidates to govern the specificity of vesicle trafficking, most
likely by cooperatively operating with other proteins (16, 47).
Further characterization of the largely elusive mechanism underlying the function of Rab proteins in ion channel trafficking
could further contribute to the already enigmatic Rab-dependent regulation of cargo trafficking in the highly organized
cellular transport machinery.
The aim of this study was to identify regulatory proteins
directly interacting with TRPV5 or TRPV6. Using biochemical, histological, and functional analyses, we demonstrate a
novel operation mode for Rab11a in the regulation of TRPV5
and TRPV6 trafficking to the plasma membrane requiring direct interaction with these cargo molecules.

TRPV5 and TRPV6 (TRPV5/6) form a distinct group of
highly Ca2⫹-selective channels belonging to the transient receptor potential (TRP) channel superfamily. This family fulfills
a plurality of physiological functions, which vary from phototransduction, nociception, olfaction, and heat and cold sensation to epithelial Ca2⫹ transport (28). TRPV5 and TRPV6
mediate the rate-limiting luminal influx step of transcellular
Ca2⫹ transport (19, 23). Therefore, understanding the regulation of these channels is of utmost importance for our insight
into Ca2⫹ homeostasis. TRPV5 and TRPV6 display constitutive activity (43), suggesting that channel abundance at the cell
surface is of crucial importance for regulation of Ca2⫹ influx
via these channels. It is becoming increasingly evident that
channel trafficking is essential in determining the activity of
TRP proteins (2, 3, 26, 36, 46). For instance, inducible vesicular translocation and plasma membrane insertion have been
described for several TRP channels, i.e., TRPV2, TRPC3,
TRPC5, and TRPL. This trafficking process stimulated Ca2⫹
influx from the extracellular compartment essential to growth
factor-induced (3, 26), carbachol-induced (36), or light-induced
(46) signaling. However, little is known about the molecular
mechanisms involved in trafficking to the plasma membrane of
TRP channels in general and of TRPV5 and TRPV6 in particular.
Several protein families have been described as playing key
roles in cargo trafficking to and from specific cellular compartments, including the plasma membrane. One of these families
consists of the Rab GTPases. The ability to act as molecular
switches that cycle between GTP- and GDP-bound states underlies the functionality of this family. Many Rab proteins

MATERIALS AND METHODS
DNA constructs and cRNA synthesis. The carboxyl termini of mouse TRPV5
and TRPV6 and deletion mutants of TRPV5 in pGEX6p-2 were obtained as
described previously (41). A vesicular stomatitis virus (VSV) tag-encoding oligonucleotide duplex (sense, 5⬘-CATGGCATACACTGATATCGAAATGAA
CCGCCTGGGTAAGGCGCGCCTT-3⬘; and antisense, 5⬘-CTAGAAGGCGCG
CCTTACCCAGGCGGTTCATTTCGA TATCAGTGTATGC-3⬘) was inserted
into the NcoI/XbaI restriction sites of the pTLN oocyte expression vector.
Rab11a was cloned into this construct by PCR (forward primer, 5⬘-GGCGCG
CCTTGGCACCCGCGACGACGAGTAC-3⬘; and reverse primer, 5⬘-GTGAAC
TTGCGGGGTTTTTCAGTATCTACGA-3⬘) with the pACT2 construct as a
template and was subsequently subcloned into pGEX6p2 (Amersham Biosciences, Uppsala, Sweden) and pCB7 (4). MluI and SalI sites were introduced
into the lentivirus transfer vector pLV-CMV-GFP (35) by site-directed mutagenesis replacing the green fluorescent protein (GFP) stop codon. Rab11aS25N was
subsequently cloned into these sites by PCR using the forward primer 5⬘-AGC
ACGCGTGGCACCCGCGACGACGA-3⬘ and the reverse primer 5⬘-ACAGTC
GACTTAGATGTTCTGACAGCACTG-3⬘. TRPV5 was cloned into enhanced
GFP (EGFP)-C1 (Clontech Palo Alto, CA) by PCR (forward primer, 5⬘-TCCGGA
CGGGGGGGGATGGGGGCCTGTCCACCC-3⬘; and reverse primer, 5⬘-CCG
GTGGATCCTGATCAG-3⬘). The construct encoding DsRed-fused Rab11a was
generously provided by U. Rescher (University of Muenster, Muenster, Germany) and S20V and S25N mutants were subsequently obtained by site-directed
mutagenesis. All constructs were verified by sequence analysis. Oocyte expres-

* Corresponding author. Mailing address: 286 Cell Physiology, Radboud University Nijmegen Medical Centre, P.O. Box 9101, NL-6500
HB Nijmegen, The Netherlands. Phone: 31-24-3614211. Fax: 31-243616413. E-mail: r.bindels@ncmls.ru.nl.
303

304

VAN DE

GRAAF ET AL.

sion constructs were linearized, and TRPV5, TRPV6, and Rab11a cRNA were
synthesized in vitro with SP6 RNA polymerase as described previously (22).
Yeast two-hybrid system. Yeast was subsequently transformed with pAS-1
containing the TRPV6 carboxyl terminus, and a mouse kidney cDNA library
(Clontech, Palo Alto, CA) was present in the pACT2 vector. Screening of the
library was performed as described previously (41). Yeast two-hybrid results were
confirmed using purified library plasmids, and negative controls were performed
by replacing a binding partner by either a pAS-1 construct containing the amino
terminus (amino acids 1 to 53) of rat gamma epithelial Na⫹ channel (␥ENaC) or
the empty pACT2 vector.
GST-TRPV5/6 fusion protein and interaction assays. pGEX6p-2 constructs
were transformed in Escherichia coli BL21, and glutathione S-transferase (GST)
fusion proteins were expressed and purified according to the manufacturer’s
protocol (Amersham Biosciences, Piscataway, NJ). GST-Rab proteins were prepared in GTP- or GDP-bound conformation as previously described (11).
Rab11a S25N was cleaved from GST with Precission protease (Amersham Biosciences), concentrated with Centriprep YM10 (Millipore, Amsterdam, The
Netherlands), and checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. [35S]methionine-labeled full-length Rab11a or TRPV5/TRPV6 protein was prepared with a reticulocyte lysate system (Promega, Madison, WI).
HEK293 cells were transfected with Rab11a, Rab22b, or Rab7 constructs and
lysed in pull-down buffer (20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 1 mM
dithiothreitol, 100 M GTP or GDP, and 0.4% [vol/vol] Triton X-100 [pH 7.5]).
Rab proteins, TRPV5, or TRPV6 was added to GST or GST fusion proteins
immobilized on glutathione-Sepharose 4B beads (Amersham Biosciences) in
pull-down buffer and incubated for 2 h at room temperature. After being extensively washed, bound proteins were eluted with sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer and visualized by autoradiography
or immunoblotting using rabbit anti-Rab11 (Zymed, San Francisco, CA), monoclonal anti-VSV (Sigma, St Louis, MO, for Rab11 and Rab22b), or anti-myc
(Santa Cruz Biotechnology, Santa Cruz, CA, for Rab7). The quality and quantity
of GST or GST-fused proteins were routinely analyzed by Coomassie staining.
Coimmunoprecipitation. Xenopus laevis oocytes were coinjected with 10 ng
TRPV5 and 10 ng Rab11a S25N cRNA as previously described (22). After 48 h,
injected oocytes were lysed in sucrose buffer containing 20 mM Tris (pH 7.4),
5 mM EDTA, 135 mM NaCl, 0.1% (vol/vol) NP-40, 0.5% (wt/vol) sodium
desoxycholate, and 10% (wt/vol) sucrose; centrifuged at 100 g for 5 min; and
subsequently incubated on ice for 60 min. The lysates were centrifuged for 30
min at 16,000 ⫻ g, and supernatants were incubated with monoclonal antihemagglutinin (HA) antibodies (Sigma, St Louis, MO) immobilized on protein
A-agarose beads (Kem-En-Tec A/S, Copenhagen, Denmark) for 16 h at 4°C.
Immunoprecipitated proteins were analyzed by immunoblot analysis using rabbit
anti-Rab11a antibodies.
CNT and CCD primary cell culture and transepithelial Ca2ⴙ transport. Connecting tubules (CNT) and cortical collecting ducts (CCD) were immunodissected from the kidney cortexes of New Zealand White rabbits (⫾0.5 kg) and
placed in primary culture on permeable filters (0.33 cm2; Costar), and transepithelial Ca2⫹ transport was measured as described previously (20) in the presence
or absence of 1 M ruthenium red (Sigma, St Louis, MO). Cells were subsequently fixed in 3% (wt/vol) paraformaldehyde in phosphate-buffered saline
(PBS) for 30 min at 4°C.
Lentiviral infection of primary CNT/CCD cells. Third-generation lentiviruses
were produced by cotransfection of the packaging vectors pRSV-Rev, pMDL g/p
RRE, and pMD2G from Tronolab (Lausanne, Switzerland) and the transfer
vector into human embryonic kidney 293T cells as described previously (12). The
titer was determined by a p24 human immunodeficiency virus enzyme-linked
immunosorbent assay (Murex Diagnostics, Dartford, United Kingdom). Primary
rabbit CNT/CCD cells were infected with lentivirus immediately before being
plated in the presence of Polybrene (8 g/ml) using 1 or 10 virus particles per cell
(multiplicity of infection of 1 or 10). Virus was removed after 24 h. Transepithelial Ca2⫹ transport was measured 6 days postinfection in the presence of 10
M forskolin as described before (20).
Immunofluorescence microscopy. Immunohistochemistry of mouse kidney
sections was performed as described previously (18) using affinity-purified guinea
pig antiserum against TRPV5 and rabbit anti-Rab11 antibodies. Serial sections
were incubated with rabbit anti-TRPV6 or rabbit anti-Rab11a antibodies. Xenopus laevis oocytes were injected with 5 ng HA-tagged TRPV5 cRNA or 5 ng
Flag-tagged TRPV6 cRNA with or without 10 ng Rab11a cRNA. Two days after
injection, immunocytochemistry was performed as previously described (22) using anti-HA or rabbit anti-TRPV6 (dilution, 1:400). HeLa cells were grown on
coverslips and transfected with Effectene (QIAGEN, Valencia, CA) according to
the manufacturer’s protocol. Sixteen hours after transfection, cells were fixed
with 4% (wt/vol) paraformaldehyde in PBS for 10 min at room temperature,

MOL. CELL. BIOL.
incubated with 50 mM NH4Cl in PBS for 5 min, washed with PBS, and mounted
in Mowiol containing 4% (wt/vol) n-propyl-gallate as an antifade agent. Cells
fixed on permeable filter supports were stained with guinea pig anti-TRPV5,
rabbit anti-Rab11, and appropriate secondary antibodies coupled to Alexa 488 or
Alexa 596 and mounted in Mowiol. The cell surface was visualized by biotinylation from the apical and basolateral compartment, followed by incubation with
streptavidin-Oregon green 488, essentially as previously described (44). This
procedure predominantly stained the basolateral cell surface. Images were taken
sequentially with a Bio-Rad MRC 1024 confocal microscope or with a Zeiss
LSM510 Meta confocal microscope, emitting at 488 nm and 543 nm with a
30-mW argon laser and a 1-mW helium-neon laser. Emissions were collected
using a 505- to 530-nm band-pass filter or a 560-nm-long pass filter. XZ scans
were constructed from 35 confocal optical sections (0.2 m apart). All negative
controls, including noninjected oocytes or sections incubated with preimmune
serum or conjugated antibodies alone, were devoid of staining.
45
Ca2ⴙ uptake assay. Xenopus laevis oocytes were coinjected with TRPV5 or
TRPV6 and Rab11a cRNA. Ca2⫹ uptake was determined 2 days after injection
as described previously (21).
Plasma membrane isolation. Xenopus laevis oocytes were injected with 5 ng
TRPV5 cRNA only or coinjected with 5 ng TRPV5 and 10 ng Rab11a cRNA.
After 48 h, follicle membranes were manually removed, and plasma membranes
were isolated from 12 oocytes as described previously (25).
Statistical analysis. In all experiments, the data are expressed as means ⫾
standard error of the mean. Overall statistical significance was determined by
analysis of variance. P values of ⬍0.05 were considered significant.

RESULTS
Identification of Rab11a as a TRPV5- and TRPV6-associated protein. Using the carboxyl terminus of TRPV6 as bait to
screen a mouse kidney cDNA library by the yeast two-hybrid
technique, we isolated full-length Rab11a, a member of the
Rab family of small GTPases, as a TRPV6-interacting protein.
Rab11a strongly interacted with TRPV6 (Fig. 1A), whereas
␤-galactosidase activity was not observed with the negative
control in the absence of prey or after cotransformation of the
bait with the empty pACT2 (prey) vector.
The interaction between TRPV6 and Rab11a was further substantiated by GST pull-down assays. In vitro-translated [35S]methionine-labeled TRPV6 strongly interacted with Rab11a S25N, a
mutant deficient in GTP binding. Binding to wild-type (WT)
Rab11a was moderate; only minor levels of binding to Rab11a
S20V, a GTPase-deficient Rab11a mutant (45), were observed
(Fig. 1B). Identical results were obtained with [35S]methioninelabeled TRPV5 (Fig. 1B). The reverse binding reaction, using
GST, the GST-TRPV5 carboxyl terminus, or the GST-TRPV6
carboxyl terminus incubated with in vitro-translated [35S]methionine-labeled Rab11a S20V or Rab11a S25N mutants, confirmed the TRPV5- and TRPV6-binding specificity for Rab11a
S25N (Fig. 1D). GST alone failed to show any binding under
all conditions. The integrity and quantity of the GST fusion
proteins were analyzed by Coomassie staining and show that
equivalent amounts of protein were used in these assays (Fig.
1C and E). To further assess the Rab11a interaction, HAtagged TRPV5 and Rab11a S25N were coexpressed in Xenopus laevis oocytes and subjected to immunoprecipitation with
monoclonal anti-HA antibodies. HA-tagged TRPV5 was specifically precipitated with these monoclonal antibodies, as indicated by the specific bands at ⬃70 kDa for the core-glycosylated TRPV5 and ⬃90 kDa for the complex-glycosylated TRPV5
(Fig. 1F). Rab11a S25N was coprecipitated with TRPV5 from
these oocytes, as represented by an immunopositive band of ⬃25
kDa (Fig. 1G).
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FIG. 1. Interaction of TRPV5 and TRPV6 with Rab11a. (A) The carboxyl terminus of TRPV6 or ␥ENaC and full-length Rab11a were
cotransformed into the Y153 yeast strain and grown on media without tryptophan and leucine. ␤-Galactosidase activity was determined for
TRPV6- and Rab11a-cotransformed yeast, and ␥ENaC- and Rab11a-cotransformed yeast was used as a negative control. Two representative
colonies are depicted. (B) [35S]methionine-labeled TRPV5 (left) or TRPV6 (right) was incubated with GST-Rab11a WT, GTP-locked mutant
Rab11a (S20V), GDP-locked Rab11a (S25N), or GST alone immobilized on glutathione-Sepharose 4B beads. (C) Coomassie staining of the gels
shows equal expression of GST, GST-fused Rab11a WT S20V, or S25N. (D) [35S]methionine-labeled Rab11a S20V or Rab11a S25N was incubated
with GST-TRPV5, GST-TRPV6, or GST immobilized on glutathione-Sepharose 4B beads. Both TRPV5 and TRPV6 strongly interacted with
Rab11a S25N, whereas no binding to Rab11a S20V was observed. (E) Coomassie staining of the gels demonstrating similar amounts of GST, GST
fused to the carboxyl terminus of TRPV5, or GST fused to the carboxyl terminus of TRPV6. (F and G) Xenopus laevis oocytes were injected with
Rab11a S25N or coinjected with HA-tagged TRPV5 and Rab11a S25N cRNAs. Oocyte lysates were subjected to immunoprecipitation using
monoclonal anti-HA antibodies. The precipitated sample was immunoblotted for the presence of TRPV5 (F) or coprecipitated Rab11a (G).

Subsequently, the specificity for Rab11a was determined
using distant members of the Rab family of GTPases. Rab22b
S19N and Rab7 T22N, both GTP-binding-deficient Rab proteins, did not bind TRPV5 and TRPV6, indicating the specificity of the interaction of TRPV5/6 with Rab11a (Fig. 2A).
GST, GST-fused TRPV5, and GST-fused TRPV6 were present
in equal amounts, as demonstrated by Coomassie staining (Fig.
2B). GST alone did not show any binding under these conditions. To investigate whether the association between Rab11a
and the epithelial Ca2⫹ channels was direct, recombinant
Rab11a S25N was purified as a GST fusion protein and subsequently cleaved from GST using Precission protease. The
purity of recombinant Rab11a was analyzed by Coomassie
staining (Fig. 2C, right). Purified Rab11a S25N displayed similar TRPV5-binding efficiencies (Fig. 2C), demonstrating that the
interaction was direct and did not require additional proteins.
Colocalization of Rab11a with TRPV5 and TRPV6. Subsequently, we examined whether TRPV5 colocalized with WT
Rab11a and the GTP- and GDP-locked Rab11a mutants. To
this end, HeLa cells were transiently transfected with con-

structs encoding EGFP-tagged TRPV5 and DsRed-tagged
Rab11a (WT, S20V, or S25N) and the subcellular localization
of TRPV5 and Rab11a was visualized by confocal laser scanning microscopy. TRPV5 was clearly present in many vesicles
distributed throughout the cytoplasm, where it showed prominent colocalization with wild-type Rab11a (Fig. 3A) and to a
lesser extent in the endoplasmic reticulum. Similarly, TRPV5
also colocalized with Rab11a S20V, the GTP-locked form of
Rab11a, in vesicular structures, strongly resembling the pattern
observed with wild-type Rab11a (Fig. 3B). Interestingly, a significant vesicular colocalization of TRPV5 was observed with
GDP-locked Rab11a S25N (Fig. 3C), as opposed to the dispersed localization of Rab11a S25N observed previously (32,
39). These findings are in line with our GST pull-down and
coimmunoprecipitation results and suggest that GDP-bound
Rab11a is at least in part vesicle associated in TRPV5-expressing cells. DsRed-fused wild-type Rab4 showed little or no
colocalization with TRPV5, indicating that this channel is particularly enriched in the Rab11a-positive compartment (Fig.
3D). Furthermore, YFP-fused TRPV2 did not colocalize with
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FIG. 2. (A) VSV-tagged Rab11a S25N or Rab22b S19N and myctagged Rab7 T22N were transiently expressed in HEK293 cells and
incubated with GST or GST fused to the carboxyl terminus of TRPV5
or TRPV6, and interactions were analyzed by immunoblot analysis
using monoclonal anti-VSV or anti-Myc. (B) Coomassie staining of the
precipitated GST fusion proteins, demonstrating equal amounts of
GST or GST fused to the carboxyl terminus of TRPV5 or TRPV6.
(C) Rab11a S25N was expressed in bacteria as a GST fusion protein,
GST was cleaved using Precission protease, and purified Rab11a S25N
was incubated with immobilized and purified GST-TRPV5. Bound
Rab11a was detected by immunoblot analyses using anti-Rab11 antibodies (left). The integrity and purity of Rab11a S25N were verified by
Coomassie staining (right).

Rab11a, but showed a strong plasma membrane staining (Fig.
3E). A clear plasma membrane localization of TRPV5 was not
observed in either of the conditions, although a significant
TRPV5-mediated Ca2⫹ influx was measured in TRPV5-transfected HeLa cells compared to nontransfected cells (data not
shown). This suggests that a small number of TRPV5 channels
are present at the plasma membrane to facilitate Ca2⫹ influx
but prevent cytosolic overload with Ca2⫹. To determine
whether the interaction can also occur under physiological
conditions, the cellular colocalization of endogenous TRPV5
and TRPV6 with endogenous Rab11a was investigated. Immunopositive staining for Rab11a colocalized with TRPV5 in
specific kidney tubules, previously identified as distal convoluted and CNT (Fig. 4A) (18). Furthermore, serial sections
were stained for the presence of Rab11a and TRPV6, revealing coexpression of both proteins in the luminal domains of
CNT and CCD (Fig. 4B) (29). More-detailed localization studies were subsequently performed with primary cultures of CNT
and CCD cells, immunodissected from rabbit kidney. These
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cells exhibited net apical-to-basolateral Ca2⫹ transport, indicating the integrity and functionality of the preparation. Ca2⫹
transport was blocked (from 63 ⫾ 3 to 5 ⫾ 2 nmol/cm2/h) by
ruthenium red, a polycationic dye that blocks TRPV5 activity
with an 50% inhibitory concentration of 111 nM (Fig. 4F) (30).
TRPV5 staining localized predominantly to the apical side of
the cell and was absent from the basolateral membrane that is
in line with its physiological function as apical Ca2⫹ influx
channel (Fig. 4E). Importantly, TRPV5 immunopositive staining overlapped with that of Rab11a in vesicular structures (Fig.
4C). Analysis of z-stacks of these cells (Fig. 4D) combined with
plasma membrane staining (Fig. 4E) confirmed the colocalization of Rab11a and TRPV5 in a subapical region. Thus, these
findings further substantiated the physiological relevance of the
interaction between the epithelial Ca2⫹ channels and Rab11a.
Characterization of the Rab11a-binding site in TRPV5. To
map the Rab11a-binding site, a series of deletion mutants of
the carboxyl terminus of TRPV5 was constructed as depicted
in Fig. 5A. These mutants were expressed and purified as GST
fusion proteins and incubated with in vitro-translated Rab11a
S25N. Rab11a interacted with TRPV5 truncates up to position
601, narrowing the binding site to a helical region of 29 amino
acids. Two truncated TRPV5 mutants, containing stop codons
at position 596 or 591, failed to coprecipitate Rab11a (Fig. 5B).
Therefore, the region between amino acids 595 and 601 of
TRPV5 was essential for Rab11a binding. Subsequently, this
region, corresponding to the amino acid sequence MLERK,
was mutated into glycines (designated 595-5G-601), and the
binding of Rab11a was reanalyzed by GST pull-down. The interaction between Rab11a and the mutant 595-5G-601 TRPV5 was
significantly decreased, further indicating the relevance of this
MLERK domain for Rab11a interaction (Fig. 5B). Of note,
the binding region for the previously identified TRPV5-interacting protein S100A10 is located upstream of this Rab11abinding region (41); the T593A (amino acid numbering according to the mouse sequence; accession number NP001007573)
mutation in TRPV5, which is crucial for S100A10 binding, had
no effect on binding of Rab11a (data not shown), indicating the
specificity of the identified region. GST alone did not bind
Rab11a, and in vitro-translated Rab22b did not show any affinity for TRPV5 under these conditions (Fig. 5C). Importantly, the diminished binding of Rab11a to the TRPV5 5955G-601 mutant was accompanied by an impaired trafficking of
TRPV5, as was demonstrated by immunocytochemical analysis
of Xenopus laevis oocytes injected with TRPV5 wild-type or
595-5G-601 mutant cRNA. Wild-type channels showed robust
plasma membrane localization, whereas the binding-deficient
mutant was mainly localized to the cytoplasm (Fig. 5E). We
also mutated this region in TRPV6 (600-5G-607) and investigated whether similar trafficking defects were displayed. In line
with our results with TRPV5, wild-type TRPV6 showed significant plasma membrane staining, whereas TRPV6 600-5G-607
was absent from the plasma membrane but accumulated intracellularly (Fig. 5E). The functional role of Rab11a binding was
subsequently investigated by 45Ca2⫹ uptake measurements
with oocytes. Expression of wild-type TRPV5 resulted in an
⬃5-fold increase in the Ca2⫹ uptake compared to noninjected
oocytes, whereas expression of the TRPV5 595-5G-601 mutant
resulted in a Ca2⫹ uptake that was indistinguishable from that
of noninjected oocytes (Fig. 5F). Similar results were obtained
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FIG. 3. Colocalization of TRPV5 with Rab11a wild type, S20V, and S25N in cytoplasmic vesicles. HeLa cells were transiently transfected with
pEGFP-TRPV5 and wild-type DsRed-Rab11 (A), DsRed-Rab11a S20V (B), DsRed-Rab11a S25N (C), or DsRed-Rab4 (D). TRPV5 was mainly
present in vesicles and to a lesser extent in the endoplasmic reticulum. TRPV5 (in green) completely colocalized with wild-type Rab11a (in red)
in these vesicles, whereas virtually no colocalization was observed between TRPV5 and Rab4 (D). Rab11a S20V (B), as well as Rab11a S25N
(C) (both in red), showed a prominent vesicular pattern that largely colocalized with TRPV5 (in green). Coexpression of YFP-TRPV2 (in green)
and DsRed-Rab11a resulted in little or no overlap between the fluorescent signals (E). Bars, 5 m.
FIG. 4. Colocalization of endogenous TRPV5 and TRPV6 with Rab11a. (A) Mouse kidney sections were costained with antibodies against
TRPV5 (green) and Rab11a (red). (B) Serial kidney sections were stained with antibodies against TRPV6 (green) or Rab11a (red). Immunodissected CNT and CCD cells were grown on permeable filter supports and double labeled with anti-TRPV5 (red) and anti-Rab11 (green) (C and
D) or steptavidin-Oregon green (E) to visualize the cell surface. Arrowheads indicate the positions utilized to render XZ projections from 35
confocal optical sections (0.2 m apart). (F) Transcellular Ca2⫹ transport in control situations and in the presence of 1 M ruthenium red was
measured prior to fixation to ensure monolayer integrity and cell viability. The robust transcellular Ca2⫹ transport demonstrates the quality of the
preparation. Bar, 100 m (A and B) or 5 m (C to E).

with TRPV6 and the TRPV6 600-5G-607 mutant (Fig. 5F).
The functional significance of the identified Rab11a-binding
site was further underscored by sequence conservation among
all members of the epithelial Ca2⫹ channels TRPV5 and
TRPV6 identified so far (Fig. 5D), ranging from humans to
zebra fish (Danio rerio).
Rab11a S25N inhibited TRPV5- and TRPV6-mediated Ca2ⴙ
influx. The effect of Rab11a expression on TRPV5 and TRPV6
activity at the plasma membrane was determined with Xenopus
laevis oocytes by a 45Ca2⫹ uptake assay. Expression of TRPV5
and TRPV6 resulted in an ⬃5-fold increase of Ca2⫹ influx
compared to noninjected oocytes (Fig. 6A and B). Coexpres-

sion of Rab11a S25N significantly decreased the TRPV5- and
TRPV6-mediated Ca2⫹ influx to a level that was indistinguishable from that of noninjected oocytes (Fig. 6A and B). Coexpression of Rab11a S20V or Rab22b S19N had no significant
effect on TRPV5 and TRPV6 activity. Ca2⫹ uptake in oocytes
expressing only Rab11a S20V or Rab11a S25N was no different
from that of noninjected oocytes (0.49 ⫾ 0.07 and 0.42 ⫾ 0.05
versus 0.44 ⫾ 0.04 pmol Ca2⫹/oocyte/h, respectively). The effect of Rab11a S25N was consistent with a role for Rab11a in
TRPV5 and TRPV6 targeting to the plasma membrane. Therefore, we investigated trafficking of TRPV5 in Xenopus laevis oocytes. A distinct band at the size of complex glycosylated
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FIG. 5. Rab11a-binding site in TRPV5. (A) GST fusion proteins containing different portions of the carboxyl terminus of mouse TRPV5 were
constructed according to the schematic drawing. (B) These proteins were immobilized on glutathione-Sepharose 4B beads and then incubated with
in vitro-translated Rab11a S25N. Interaction of Rab11a with the GST fusion proteins was determined by autoradiography. The region between
amino acids 595 and 601 was essential for binding. Mutation of this region (595-5G-601) diminished the interaction with Rab11a (right). (C) GST
or GST fused to the carboxyl terminus of TRPV5 and immobilized on glutathione-Sepharose 4B beads was incubated with in vitro-translated
Rab22b; precipitated proteins were analyzed by autoradiography. Rab22b did not associate with TRPV5, demonstrating the specificity of the
Rab11a binding. (D) TRPV5 and TRPV6 sequences, varying from humans to zebra fish, were aligned by the Clustal method, demonstrating
complete conservation of the Rab11a-binding site during evolution. (E) cRNA encoding full-length TRPV5 or TRPV6 was injected in Xenopus
laevis oocytes, and the localization of the channel was investigated by immunocytochemistry. Mutation of five amino acids in the Rab11a-binding
region resulted in significantly disturbed TRPV5/6 trafficking, resulting in a small number of channels at the cell surface. (F) Accordingly,
TRPV5-mediated 45Ca2⫹ uptake was significantly decreased in Xenopus laevis oocytes injected with TRPV5 595-5G-601, compared to oocytes
injected with wild-type TRPV5. Similar functional results were obtained between the wild type and 600-5G-607 mutant TRPV6. Bar, 25 m.

TRPV5 (24) was observed by immunoblot analysis of plasma
membrane preparations of TRPV5-injected oocytes (Fig. 6C).
The core-glycosylated form of TRPV5 was not detectable, indicating the purity of the plasma membrane preparation obtained by this method (25). Importantly, TRPV5 could not be
detected in the plasma membrane of oocytes coexpressing
TRPV5 and Rab11a S25N, whereas coinjection of Rab11a
S20V resulted in normal plasma membrane localization of
TRPV5 (Fig. 6C). In all conditions, TRPV5 was produced and
glycosylated to an extent similar to that in the absence of
mutant Rab11a protein (Fig. 6D). These results were verified
by immunocytochemical analysis of TRPV5- and Rab11aexpressing oocytes. Immunopositive staining for TRPV5 was predominantly localized along the plasma membrane (Fig. 6E).
Coinjection of TRPV5 with Rab11a S25N resulted in largely
dispersed intracellular immunopositive staining with virtually
no staining of TRPV5 at the plasma membrane, while expression of Rab11 S20V had no effect (Fig. 6E). The role of

Rab11a in the regulation of TRPV5 was further investigated by
using primary cultures of CNT/CCD cells grown to confluence
on permeable filter supports. Lentivirus-mediated expression
of GFP-fused Rab11a S25N or GFP only was verified by confocal laser scanning microscopy (Fig. 7A). GFP-Rab11a S25N
displayed a tubulovesicular localization, while GFP showed a
predominant diffuse cytosolic pattern. Rab11a S25N partially
colocalized with endogenous TRPV5, whereas GFP alone
showed no colocalization (Fig. 7A), in line with the colocalization results obtained with HeLa cells (Fig. 3). The expression
of GFP and GFP-fused Rab11a S25N was further confirmed by
immunoblot analysis using anti-GFP antibodies showing single
bands of comparable intensity at the expected height for GFP
and GFP-fused Rab11a S25N (Fig. 7B). Importantly, transcellular Ca2⫹ transport showed a significant and dose-dependent
inhibition in Rab11a S25N-expressing primary CNT-CCD
monolayers, compared to monolayers expressing GFP only.
Viral infections did not affect the transepithelial resistance in
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FIG. 6. Role of Rab11a in TRPV5 and TRPV6 trafficking to the
plasma membrane. 45Ca2⫹ uptake was measured in oocytes injected
with TRPV5 cRNA (A) or TRPV6 cRNA (B) only or coinjected with
Rab11a S20V, Rab11a S25N, or Rab22b S19N cRNA. An asterisk
indicates results that were significantly (P ⬍ 0.05) different from noninjected oocytes. HA-TRPV5 and Rab11a cRNA were coinjected in
Xenopus laevis oocytes. Plasma membranes (C) or total membranes
(D) were isolated and blotted for TRPV5 using monoclonal anti-HA.
Oocytes were injected with HA-tagged TRPV5 cRNA with or without
Rab11a cRNA; TRPV5 localization was determined by immunocytochemistry using monoclonal anti-HA (E). Rab11a S25N expression
decreased TRPV5 plasma membrane localization. Representative images of three independent experiments are shown. Bar, 10 m.

either condition, confirming the integrity of the monolayer
(not shown). Furthermore, no differences in TRPV5 expression were observed in infected versus noninfected cells. Therefore, the results obtained with the renal primary cultures were
consistent with our observations using TRPV5-expressing Xenopus oocytes and further substantiated the role of Rab11a in
the targeting of TRPV5 to the plasma membrane.
DISCUSSION
The present study demonstrates a novel function of Rab11a
mediating trafficking of TRPV5 and TRPV6 to the plasma
membrane by direct cargo interaction. First, GDP-bound
Rab11a directly and specifically binds to a conserved stretch in
the carboxyl terminus of TRPV5 and TRPV6, demonstrating a
unique interaction between a TRP channel and a GDP-bound
Rab. Second, the epithelial Ca2⫹ channels colocalize with
Rab11a in subapical vesicles present in Ca2⫹-transporting cells
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FIG. 7. Rab11a S25N inhibits transcellular Ca2⫹ transport in primary cultures of CNT-CCD cells. CNT-CCD cells were immunodissected from rabbit kidney, infected with lentivirus, and plated on permeable filter supports. Confluent monolayers of CNT-CCD cells were
analyzed 6 days postinfection. (A) Expression of GFP and GFP-fused
Rab11a S25N was investigated by confocal laser scanning microscopy;
localization of the GFP signal was compared to endogenous TRPV5.
(B) Lentiviral expression of GFP or GFP-fused Rab11a S25N was
quantified by immunoblot analysis using anti-GFP antibodies confirming the size and integrity of the proteins. (C) Net apical-to-basolateral
Ca2⫹ transport was measured in forskolin-stimulated (10 M) CNTCCD monolayers infected with lentivirus expressing either GFP alone
or GFP-fused Rab11a S25N. Infections were performed at densities of
1 or 10 lentivirus particles per cell (multiplicity of infection of 1 or 10),
showing a concentration-dependent inhibition of Ca2⫹ transport by
Rab11a S25N (ⴱ, P ⬍ 0.05). NI, not infected. Bar, 10 m.

of the kidney. Third, functional data suggest that cargo interaction (in the GDP status) and subsequent GTP binding are
required for Rab11a-mediated TRPV5 and TRPV6 targeting
to the plasma membrane.
GDP-bound Rab11a as a novel TRPV5- and TRPV6-interacting protein. Our study describes for the first time cargo
proteins that interact directly with Rab11a. Although Rab proteins are known to interact with a large variety of effectors (17,
38, 47), only a few studies have demonstrated direct interactions between a Rab GTPase and a cargo molecule (37). Recently, it was reported that the polymeric immunoglobulin A
(IgA) receptor (pIgR) interacts directly with Rab3b, controlling IgA-stimulated transcytosis (42). The second example is
the interaction between Rab5a and the angiotensin II type 1A
receptor (34). Finally, Pfeffer and coworkers were the first to
demonstrate a mechanism in which Rab proteins interact indirectly with cargo. They showed that a ternary complex of
Rab9, mannose-6-phosphate receptor, and the adaptor protein
TIP47 plays a role in the vesicular transport of the mannose-
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6-phosphate receptor (6). Direct interaction of Rabs with
cargo could provide further insight into the mechanisms of
Rab localization and function. The recruitment of Rabs to
specific membranes is mediated by the Rab carboxyl terminus
(9). This suggests the involvement of Rab-interacting proteins
in the membrane localization of Rab proteins. An intriguing
possibility is that certain Rab accessory proteins are cargo
themselves, contributing to the membrane localization of specific Rab proteins. As TRPV5 and TRPV6 preferentially interacted with Rab11a in its inactive configuration, TRPV5 and
TRPV6 may support the recruitment of Rab11a to specific
membrane compartments in Ca2⫹-transporting epithelia. Similarly, it was suggested that the direct interaction between
Rab3b and pIgR provides a partial explanation for the specificity of binding of Rab3b to pIgR-containing vesicles (42).
Furthermore, direct interaction of Rabs with cargo could contribute to the targeting of proteins to their proper destination.
Direct association of TRPV5/6 with Rab11a could support the
translocation of these channels into recycling endosomes and
thereby constitute the “delivery machinery” destined to transport these channels to the apical plasma membrane. Identification of additional novel cargo that interacts with Rab proteins could provide means to further dissect the mechanism of
Rab activity and thus a novel insight into the molecular machinery of membrane traffic.
Colocalization of Rab11a and TRPV5 and TRPV6. Further
evidence for a role of Rab11a in TRPV5 and TRPV6 regulation is the predominant colocalization of Rab11a with TRPV5
or TRPV6 along the apical domain of the distal convoluted
tubules, CNT and CCD, corroborating previous Rab11 localization data from Goldenring et al. (15). Furthermore, Rab11a
is present along the luminal membrane of enterocytes, where
TRPV6 expression is prominent (15, 48). The specific expression pattern in kidney and intestine supports a role for Rab11a
in the regulation of TRPV5 and TRPV6. At the subcellular
level, Rab11a also shows significant colocalization with TRPV5
in subapical vesicular structures. Previous functional and histological studies have identified Rab11-positive structures as
(apical) recycling endosomes, which are specialized compartments involved in (polar) sorting of endocytosed membrane
proteins (5, 7, 27, 31, 45). Furthermore, Rab11 has been demonstrated to play a role in transport from the trans-Golgi network to the plasma membrane (33, 40). Ang and coworkers
have recently demonstrated a role for recycling endosomes as
intermediates in the transport from the Golgi membrane to the
plasma membrane (1). Our study is the first to indicate that
cargo molecules that travel via these Rab11-enriched structures can be directly bound to Rab11a.
Rab11a binding targets TRPV5 and TRPV6 to the plasma
membrane. The unique role of Rab11a in targeting of TRPV5
and TRPV6 to the plasma membrane by direct interaction to
the channel was further established by combined biochemical,
functional, and immunocytochemical analyses. To identify the
direct consequences of Rab11a association with the epithelial
Ca2⫹ channels, we mutated the Rab11a-binding site in TRPV5
and TRPV6. The interaction between Rab11a and TRPV5/6
was localized to a helical stretch in the carboxyl terminus. A
stretch of five amino acids at position 595 to 601 within the
Rab11a-binding site of TRPV5 was demonstrated to be required for Rab11a binding. Moreover, this region is conserved
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FIG. 8. Schematic model depicting the role of Rab11a in TRPV5
and TRPV6 trafficking. Rab11a-GDP interacts directly with TRPV5 or
TRPV6 in intracellular vesicles. Subsequently, Rab11a is docked at the
vesicle, and GDP is exchanged for GTP. Several Rab effectors stabilize
Rab11a in the membrane in the GTP-bound state. At this state,
Rab11a no longer interacts with TRPV5 or TRPV6. The vesicle is
subsequently targeted to the plasma membrane, where its fusion enables TRPV5- and TRPV6-mediated Ca2⫹ influx.

among all identified species of TRPV5 and TRPV6. Mutations
in this stretch resulted in a lack of TRPV5- and TRPV6mediated Ca2⫹ uptake, based on defective trafficking of
TRPV5 and TRPV6, in line with an essential role for Rab11a
in targeting TRPV5/6 to the plasma membrane. However, as
this stretch has been implicated in the interaction of TRPV5
with 80K-H, a Ca2⫹-binding protein (14) and in TRPV5 channel assembly (8), Rab11a-independent factors cannot be excluded to explain the impaired trafficking of this mutant.
Therefore, we further substantiated the functional role of
Rab11a in the trafficking of TRPV5 and TRPV6 using Rab11a
mutants in Xenopus oocytes and primary cultures of Ca2⫹transporting cells from rabbit kidney. GDP-locked Rab11a expression strongly reduced the TRPV5- and TRPV6-mediated
Ca2⫹ influx, resulting from a significantly decreased number of
Ca2⫹ channels at the plasma membrane. This effect can be
explained in two ways. First, in analogy with dominant negative
Ras mutants (13), Rab11a S25N could sequester a Rab11a
guanine nucleotide exchange factor (GEF) and thereby block
the activation of Rabs. However, expression of another dominant negative Rab protein (Rab22b S19N) did not inhibit
TRPV5/6 activity. This suggests either that Rab GEF inhibition is not essential to block TRPV5/6 trafficking or that
Rab11a S25N associates with a specific GEF that does not bind
Rab22b S19N. It is currently unknown which protein operates
as a GEF for Rab11a and how promiscuous this GEF is.
Rab11a S20V has a lower affinity for Rab GEFs (10, 45),
explaining the lack of functional consequences of expression of
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this mutant. Second, the dominant negative effect of Rab11a
S25N could be explained as a competition with endogenous
Rab11a for the Rab11a-binding site in TRPV5/6. Because
Rab11a S25N cannot bind GTP, it will not be activated, and
this impairs TRPV5/6 trafficking to the plasma membrane.
Rab11a S20V cannot compete with endogenous Rab11a for
TRPV5/6 binding, explaining the lack of function of this mutant. Together, these data indicate that cargo interaction (in
the GDP status), as well as subsequent GTP binding, is required for Rab11a-mediated TRPV5/6 trafficking. Our findings
show a novel interaction between a Rab GTPase and TRP
channels and point to a unique role for Rab11a in the regulation of TRPV5/6 channel trafficking.
We propose the following model for the role of Rab11a in
trafficking of TRPV5 and TRPV6 (Fig. 8). Initially, cytosolic
GDP-bound Rab11a specifically interacts with TRPV5 and
TRPV6 in a cytoplasmic compartment. Subsequently, Rab11a
is docked to this compartment, while GDP is exchanged with
GTP. At this state, Rab11a effectors will associate, and Rab11a
no longer interacts with TRPV5 and TRPV6. Finally, active GTPbound Rab11a mediates transport of TRPV5- and TRPV6-containing structures to the plasma membrane, where membrane
fusion allows Ca2⫹ influx.
In conclusion, our data provide new insight into the molecular machinery of TRP channel trafficking via direct interaction between a Rab GTPase and apically targeted cargo. This
association is involved in the physiological regulation of
TRPV5 and TRPV6 cell surface abundance, a critical component in Ca2⫹ homeostasis. The future challenge is to find the
signals that modulate the interaction of TRPV5/6 and Rab11a
to fine-tune cell surface expression of these epithelial channels.
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