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The epithelial Ca2� channel TRPV5 constitutes the apical
entry gate forCa2� transport in renal epithelial cells. Ablationof
the trpv5 gene in mice leads to a reduced Ca2� reabsorption.
TRPV5 is tightly regulated by various calciotropic hormones,
associatedproteins, andother factors,whichmainly affect chan-
nel activity via the C terminus. To further identify the role of
the C terminus in TRPV5 regulation, we expressed channels
harboring C-terminal deletions and studied channel activity
by measuring intracellular Ca2� concentration ([Ca2�]i) using
fura-2 analysis. Removal of amino acid His712 elevated the
[Ca2�]i, indicating enlarged TRPV5 activity. In addition, substi-
tution of the positively chargedHis712 for a negative (H712D) or
neutral (H712N) amino acid also stimulated TRPV5 activity.
This critical role ofHis712 was confirmedbypatch clampanalysis,
whichdemonstrates increasedNa� andCa2� currents forTRPV5-
H712D. Cell surface biotinylation studies revealed enhanced
plasmamembraneexpressionofTRPV5-H712Dascomparedwith
wild-type (WT)TRPV5.This elevatedplasmamembranepresence
alsowasobservedwith theCa2�-impermeableTRPV5-H712Dand
TRPV5-WTporemutants, demonstrating that the elevation is not
due to the increased [Ca2�]i. Finally, usingan internalizationassay,
we demonstrated a delayed cell surface retrieval for TRPV5-
H712D, likely causing the increase in plasma membrane expres-
sion. Together, these results demonstrate that His712 plays an
essential role in plasmamembrane regulation of TRPV5 via a con-
stitutive endocytoticmechanism.

Calcium (Ca2�) plays a critical role in many cellular and
physiological processes in the human body. Ca2� homeostasis
is maintained via the interplay between intestinal absorption,
storage in bone, and renal excretion. Excretion of Ca2� by the
kidney is regulated through the reabsorption of Ca2� from the
glomerular filtrate. This takes place in the proximal tubule and
thick ascending limb of Henle via a passive paracellular path-
way driven by theNa� gradient, whereas in the distal part of the
nephron, Ca2� is reabsorbed actively in a trans-cellular man-

ner. The epithelial Ca2� channel TRPV5 (transient receptor
potential vanilloid 5) forms the apical entry gate for transepi-
thelial Ca2� reabsorption (1, 2).When Ca2� enters the cell, it is
bound by calbindin-D28k and released at the basolateral site
where Ca2� is extruded into the bloodstream by the Na�/Ca2�

exchanger (NCX1) and the plasma membrane Ca2�-ATPase
(PMCA1b). The apical influx of Ca2� is the rate-limiting step in
transepithelial Ca2� transport. This becomes evident in the
tight control of TRPV5 protein expression, channel trafficking,
and gating at the plasmamembrane by various hormones, asso-
ciated proteins, and other factors (3, 4).Moreover, disruption of
the trpv5 gene in mice resulted in profound hypercalciuria due
to diminished active Ca2� reabsorption (5).

TRPV5 belongs to the superfamily of TRP channels, which
share the mutual composition of six transmembrane domains
and permeability to cations (6). A functional TRPV5 channel
consists of four identical subunits, forming a single central pore
located between transmembrane domains five and six (7).
Within the mammalian TRP family, TRPV5 and its closest
homologue TRPV6 are the most Ca2�-selective channels (6).
Furthermore, TRPV5 is constitutively open at low [Ca2�]i and
is characterized by an inward rectifying ion current-voltage
(I-V) profile (8). The membrane-spanning region is flanked by
large intracellular N and C termini (9). The N terminus con-
tains several ankyrin repeats, which have been implicated in
channel assembly (10, 11). However, the molecular function of
these ankyrin repeats remains controversial (12, 13).
Although the function of the TRPV5 N terminus still is

largely unresolved, theC terminus plays a central role inTRPV5
channel regulation. Various molecular processes, including
protonation, phosphorylation, and protein-protein interac-
tions, affect TRPV5 activity by modulating the C terminus.
First, Huang and co-workers (14) found that binding of pro-
tons to lysine 607 induced a conformational change of the
channel pore,mainly resulting in a reduced channel open prob-
ability. Second, the protein kinase A phosphorylation site
Thr709 of TRPV5was identified recently as a target for parathy-
roid hormone. Protein kinase A-dependent phosphorylation of
Thr709 rapidly increases TRPV5 channel open probability and
thereby enhances Ca2� influx (15). Third, the C-terminal PKC
phosphorylation site Ser654 appears essential for tissue kal-
likrein-mediated plasma membrane accumulation of TRPV5
(16). Fourth, the C-terminal VATTV sequence is required for
S100A10-TRPV5 interaction. Alanine substitution of the first
threonine, T599A, prevents S100A10 binding to TRPV5, lead-
ing to the subplasmamembrane localization ofTRPV5 and thus
a nonfunctional channel (17). Fifth, Rab11a targets TRPV5
toward the plasma membrane via C-terminal interaction (18).
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Finally, the TRPV5 C terminus has been shown convincingly
to be involved in Ca2�-dependent inactivation. Two Ca2�-
sensing stretches were identified in the TRPV5C terminus, one
between residues 650 and 653 and the other in the last 30 resi-
dues (19). Deleting both stretches resulted in a channel that
does not inactivate in the presence of a concentration of 1 �M

intracellular Ca2� (19). In addition, removing only the last 30
residues significantly diminished theCa2�-dependent inactiva-
tion of TRPV5 (19). To explore the exact role of this highly
regulated part of the C terminus, we developed a series of
TRPV5C-terminal deletionmutants. The role of thesemutants
inTRPV5 channel regulationwere testedwith a combination of
live-cell imaging, patch clamp analysis, and various biochemi-
cal approaches.

EXPERIMENTAL PROCEDURES

Construction of Mammalian Expression Vectors—The bicis-
tronic expression vector pCINeo/IRES-eGFP was used to co-
express rabbit TRPV5 containing an N-terminally fused HA-
tag and enhanced green fluorescent protein (eGFP). C-terminal
truncations and mutations of TRPV5 were produced by PCR
and site-directed mutagenesis (Stratagene), according to the
manufacturer’s protocol, after which all plasmids were
sequence-verified.
Cell Culture and Transfection—Human embryonic kidney

(HEK293) cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM, Bio Whittaker Europe, Vervier, Belgium)
containing 10% (v/v) fetal calf serum (PAA Laboratories,
Linz, Austria), 2 mM L-glutamine, 10 �l/ml nonessential
amino acids, and 0.01 mg/ml ciproxin at 37 °C in a humidity-

controlled incubator with 5% (v/v)
CO2. Cells were transiently trans-
fected with the appropriate plas-
mids using polyethyleneimine
(PEI, Brunswig/PolySciences, Inc.)
with a DNA:PEI ratio of 6:1 for
biochemical or live-cell imaging ex-
periments. For patch clamp experi-
ments, cells were transiently trans-
fectedwith the appropriate plasmids
using Lipofectamine 2000 (Invitro-
gen). For all experiments, trans-
fected cells were used after 24 h.
[Ca2�]i Measurement using Fura-

2/AM—HEK293cellswere seededon
fibronectin-coated coverslips (inner
diameter, 25 mm) and transfected
with the appropriate pCINeo/IRES-
eGFP vector. After 24 h, cells were
loaded with 3 �M fura-2/AM and
0.01% (v/v) Pluronic F-129 (both
from Molecular Probes) in DMEM
medium at 37 °C for 20 min. After
loading, cells were washed twice
with PBS and allowed to equilibrate
at 37 °C for another 10 min in 132.0
mM NaCl, 4.2 mM KCl, 1.4 mM

CaCl2, 1.0mMMgCl2, 5.5mM D-glu-
cose, 10 mM HEPES/Tris, pH 7.4. For Ca2�-free conditions, a
similar buffer composition was used, in which Ca2� was substi-
tuted with 2 mM EGTA.

After fura-2 loading, cells were placed in an incubation
chamber and attached to the stage of an inverted microscope
(Axiovert 200M, Carl Zeiss, Jena, Germany). Changes in extra-
cellular [Ca2�] ([Ca2�]e) were facilitated using a perfusion
system and resulting changes in [Ca2�]i were monitored
with fura-2 and were excited at 340 and 380 nm using a mono-
chromator (Polychrome IV, TILL Photonics, Gräfelfing, Ger-
many). Fluorescence emission light was directed by a 415DCLP
dichroicmirror (OmegaOptical, Inc., Brattleboro, VT) through
a 510WB40 emission filter (Omega Optical, Inc.) onto a Cool-
SNAP HQ monochrome CCD-camera (Roper Scientific,
Vianen, the Netherlands). The integration time of the CCD-
camera was set at 200 ms with a sampling interval of 3 s. All
hardware was controlled with Metafluor (version 6.0) software
(Universal Imaging Corp., Downingtown, PA).
Quantitative image analysis was performedwithMetamorph

(version 6.0; Molecular Devices Corp., Sunnyvale, CA). For
each wavelength, the mean fluorescence intensity was moni-
tored in an intracellular region and, for purpose of background
correction, an extracellular region of identical size. After back-
ground correction, the fluorescence emission ratio of 340 and
380 nm excitation was calculated to determine the [Ca2�]i. All
measurements were performed at room temperature.
Electrophysiology—Electrophysiological methods have been

described previously in detail (9, 20).
Cell Surface Biotinylation and Internalization Assay—

HEK293 cells were transfected with different TRPV5 con-

FIGURE 1. Monitoring TRPV5 activity using fura-2. Representative trace of fura-2 ratio in arbitrary units (a.u.) in
HEK293 cells transiently transfected with TRPV5-WT, mock (A), and TRPV5–698X (B). All procedures were performed
at room temperature. C, fura-2 levels at resting conditions (t � 0), minimal fura-2 ratio after EGTA treatment (min),
and peak level (max) upon administration of 1.4 mM Ca2�. Average data of mock (n � 19), TRPV5-WT (n � 46), and
TRPV5–698X (n � 20) are shown. The asterisk denotes a significant difference (p � 0.05) from indicated condition.
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structs in pCINeo/IRES-eGFP using PEI. After 2 days, cell sur-
face proteins were biotinylated 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 (21). In short, cells were kept at
4 °C or incubated for 30 min at 37 °C to allow endocytosis from
the plasma membrane. TRPV5 internalization was measured
by treating cells with fresh 100 mM 2-mercaptoethanesulfonic
acid sodium salt (mesna) for three times for 20 min at 4 °C.
After treatment with 120mM iodoacetic acid to quenchmesna,
cells were lysed in 150mMNaCl, 5mM EGTA, 50mMTris-HCl,
pH 7.5, Triton X-100 1% (v/v), and protease inhibitors at 4 °C
and centrifuged at 14,000 � g for 10 min. Finally, biotinylated
proteins in the supernatant were precipitated using neutravi-
din-coupled beads (Pierce) and analyzed by immunoblotting
using anti-HA antibodies.
Statistical Analysis—Numerical results were visualized using

Origin Pro 7.5 (OriginLab Corp., Northampton, MA) and pre-
sented as the mean � S.E. Statistical differences were deter-
mined using a one-way ANOVA followed by Bonferroni. p val-
ues �0.05 were considered significant.

RESULTS

Removal of the Very End of TRPV5 C Terminus Elevates
[Ca2�]i—To study TRPV5 function in intact cells, we moni-
tored [Ca2�]i using fura-2. To this extent, HEK293 cells were
seeded on fibronectin-coated coverslips and transiently trans-
fected with TRPV5 in pCINeo/IRES-eGFP or the empty vector.
After 24 h, cells were loaded with fura-2/AM, equilibrated for
10min, and placed on the stage of an invertedmicroscope. Cells
expressing eGFP were selected and monitored for changes in
[Ca2�]i in response to variation of ([Ca2�]e, which was facili-
tated by superfusion.
Expression of the TRPV5 channel resulted in an elevated

[Ca2�]i comparedwithmock-transfected cells (Fig. 1,A andC).
When medium containing 1.4 mM Ca2� was exchanged for
Ca2�-free medium (no Ca2�, 2 mM EGTA), the [Ca2�]i in
TRPV5-expressing cells dropped to levels similar to mock-
transfected cells. Exchanging the Ca2�-free medium again
for the 1.4 mM Ca2� solution induced an overshoot; a rapid
increase of [Ca2�]i to a maximal level followed by a gradual
decrease to basal levels. No significant changes in [Ca2�]i were
observed in mock-transfected cells (Fig. 1, A and C).
Next, HEK293 cells were transfected with a TRPV5 mutant

lacking a part of the C terminus (TRPV5–698X). Previously, a
similar mutant displayed a blunted response to Ca2�-induced
channel inactivation as measured by patch clamp analysis (19).
Fura-2 analysis of TRPV5–698X-expressing HEK293 cells
revealed an elevated basal [Ca2�]i compared with TRPV5-WT.
TRPV5–698X responded only partially to EGTA treatment
(Fig. 1, B and C). Replacing the EGTA medium with Ca2�

medium restored [Ca2�]i to basal levels after a small overshoot
(Fig. 1, B and C).
Functional Analysis of C-terminal Deletion Mutants Reveals

Residue His712—To pinpoint the region responsible for the ele-
vated [Ca2�]i observed in cells expressing TRPV5–698X,
shorter deletionswithin theTRPV5C terminusweremade (Fig.
2A). Deletions up to residueHis712 did not affect resting [Ca2�]i
as shown in Fig. 2B. However, deletion of His712 (TRPV5–

712X) resulted in a significant increased basal [Ca2�]i, although
not as high as the 698Xmutation (Fig. 2B). Remarkably, fura-2
peak levels (maximal [Ca2�]i) of TRPV-712X were identical to
TRPV5–698X as indicated by Fig. 2C. Maximal [Ca2�]i of the
shorter deletion mutants were identical to TRPV5-WT. All
C-terminal deletions were correctly expressed as judged by
immunoblotting (Fig. 2D).
As His712 is positively charged, we examined whether this

charge is responsible for the observed effect on [Ca2�]i of
TRPV5–712X. Mutation of His712 into a negatively charged
aspartic acid (TRPV5-H712D) or a neutral asparagine (TRPV5-
H712N) enlarged basal [Ca2�]i to a similar extent as TRPV5–
712X (Fig. 3A). In contrast, replacement of His712 with the pos-
itively charged arginine (TRPV5-H712R) did not modulate the
intracellular Ca2� levels (Fig. 3A). Analysis of the peak fura-2
levels of these mutants resulted in an identical [Ca2�]i pattern
as observed at basal conditions (Fig. 3B). Immunoblotting did
not demonstrate large variations in protein expression (Fig.

FIGURE 2. Effect of C-terminal deletion on TRPV5 activity. A, overview of
TRPV5 deletion mutants used in this study. Shown are the basal (B) and maximal
(C) fura-2 ratio in arbitrary units (a.u.) of TRPV5-WT (n � 46), TRPV5–728X (n � 43),
TRPV5–720X (n � 43), TRPV5–715X (n � 32), TRPV5–713X (n � 38), TRPV5–712X
(n � 39), and TRPV5–698X (n � 20). *, p � 0.05 compared with TRPV5-WT.
D, protein expression of mock, TRPV5-WT, and TRPV5 deletion mutants.
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3C). Interestingly, His712 is highly conserved among different
mammalian species (Fig. 3D).
Critical role of His712 Is Independent of Protein Kinase A-de-

pendent Phosphorylation—Residue His712 is located very close
to a conserved protein kinase A-dependent phosphorylation
site 706RRNT*LGH712. Upon phosphorylation of Thr709, the
channel open probability increases, resulting in an elevated
TRPV5-mediated Ca2� influx (15). To investigate whether
deletion ormutation of His712 affects TRPV5 activation by pro-
tein kinase A-dependent phosphorylation, we used the cAMP-
elevating agent forskolin and studied its effect on TRPV5 activ-
ity using fura-2 analysis. First, to confirm the specificity of
the forskolin response, we implemented a phosphorylation-
deficient mutant (T709A) and one mimicking a constitu-
tively phosphorylated state (T709D). Forskolin increased
[Ca2�]i of cells expressing TRPV5-WT, whereas mock-ex-
pressing cells were not affected (Fig. 4,A andC). Fura-2 ratio of
cells expressing T709A and T709D was not altered upon for-
skolin stimulation (Fig. 4,B andC). Notably, basal [Ca2�]i of the
T709D mutant was elevated significantly in comparison with
TRPV5-WTandTRPV5-T709A (Fig. 4C) and similar to [Ca2�]i
of the TRPV5-H712D mutant.
Next, the forskolin response on TRPV5–712X and TRPV5-

H712Dwas examined. Although basal [Ca2�]i of TRPV5–712X
and TRPV5-H712Dwas already elevated comparedwith TRPV5-
WT, forskolin treatment resulted in a dramatic increase in
[Ca2�]i (Fig. 4, D and E). In addition, we developed a double
mutant by introducing the T709D mutation into TRPV5-
H712D. This double mutant exhibited a similar [Ca2�]i as
TRPV5-H712D after forskolin stimulation (Fig. 4, F and G).
Furthermore, neither the double mutant nor TRPV5–698X
responded to forskolin (Fig. 4, F and G).
TRPV5-H712D Elevates Channel Plasma Membrane Abun-

dance—To gain more insight into the molecular features of the
TRPV5-H712D mutant, we compared the fura-2 recording
traces of TRPV5-H712D and TRPV5-T709D in response to the

Ca2� and Ca2�-free medium. Both
mutants displayed a similarly in-
creased basal [Ca2�]i, which fully de-
creased inCa2�-freemedium (EGTA
treatment) (Fig. 5A). Interestingly, the
maximal [Ca2�]i of TRPV5-H712D
was significantly elevated in com-
parison with TRPV5-T709D (Fig. 5,
A and B).
To investigate whether [Ca2�]i

plays a role in the elevated activity
observed for TRPV5-H712D, the
whole cell patch clamp technique
was implemented, and Ca2� and
Na� currents of TRPV5-WT and
TRPV5-H712Dwere evaluated. Ap-
plication of a hyperpolarizing volt-
age step to �100 mV from a hold-
ing potential of �70 mV showed
an increased Ca2� peak current in
H712D-expressing cells compared
with TRPV5-WT cells (Fig. 5, C and

5D). Na� current measurements in nominally divalent-free
solution (20 �M EDTA) demonstrated that TRPV5-H712D still
exhibited an enlarged macroscopic current (Fig. 5, E and F).
The strong inward rectification, which is characteristic for the
TRPV5 channel, should also be noted (Fig. 5E) (20).
To identify themechanismunderlying the amplified currents

of TRPV5-H712D, plasma membrane expression was assessed.
A cell surface biotinylation was conducted on HEK293 cells
transfected with either TRPV5-WT or TRPV5-H712D. Ten
minutes before biotinylation, cells were stimulatedwith forsko-
lin. Subsequently, cells were lysed, and biotinylated proteins
were precipitated with neutravidin-agarose beads, and TRPV5
expression was studied using immunoblotting. Plasma mem-
brane presence of the H712D mutant was elevated clearly
in comparison with TRPV5-WT (Fig. 6, A and B). Forskolin
stimulation did not affect plasma membrane presence of
either protein. Importantly, expression of TRPV5-WT and
TRPV5-H712D in whole cell lysates was similar. As a control
for H712D, the positively charged arginine 707 was replaced by
glutamic acid (R707E). Plasma membrane expression of R707E
was not different from TRPV5-WT (supplemental Fig. 1).
In 2008, de Graaf et al. (21) reported that [Ca2�]i increases

TRPV5 recycling toward the plasma membrane. To verify that
the increased plasma membrane expression of TRPV5-H712D
was due directly to the H712D mutation and not secondary to
an elevated [Ca2�]i, the pore mutation D542A was introduced.
This mutation impedes Ca2� selectivity, whereas Na� still per-
meates the channel. Plasma membrane expression of TRPV5-
D542A-H712Dwas increased (Fig. 6,C andD), whereas [Ca2�]i
was not different from TRPV5-D542A or mock (data not
shown).
Plasma Membrane Retrieval of TRPV5-H712D Is Delayed—

To elucidate how TRPV5-H712D plasma membrane abun-
dance is elevated, an internalization assay was performed using
HEK293 cells expressing TRPV5-WT or TRPV5-H712D. In
short, cell surface proteins were probed with sulfo-NHS-SS-

FIGURE 3. Analysis of critical residue His712 within the TRPV5 C terminus. Basal (A) and maximal (B) fura-2
ratio in arbitrary units (a.u.) of TRPV5-WT (n � 46), TRPV5–712X (n � 39), H712D (n � 22), TRPV5-H712N (n � 18),
and H712R (n � 20). *, p � 0.05 compared with TRPV5-WT. C, protein expression of mock, TRPV5-WT, and TRPV5
mutants. D, overview late part of the TRPV5 C terminus of different mammalian species.

His712, a Critical Residue for TRPV5 Internalization

28484 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 37 • SEPTEMBER 10, 2010

http://www.jbc.org/cgi/content/full/M110.117143/DC1


biotin, and cells were incubated for 30 min at 37 °C to allow
internalization of biotinylated proteins. Finally, cells were
treated with the membrane-impermeant mesna, removing all
biotin bound to remaining cell surface proteins. In agreement
with the previous figure, TRPV5-H712D plasma membrane
presence was increased (Fig. 7A, no mesna). Mesna treatment
removed �80% of the biotin attached to TRPV5 proteins in
both TRPV5-WT and TRPV5-H712D (Fig. 7, A and B, no
chase). A 30-min incubation at 37 °C increased the mesna-re-
sistant fraction ofTRPV5-WTby�40% (Fig. 7,A andB, 30-min
chase). In contrast, only an additional �20% of biotinylated
TRPV5-H712D was resistant to mesna. Importantly, expres-

sion of TRPV5-WT and TRPV5-
H712D in total cell lysates was sim-
ilar (Fig. 7C). This experiment
demonstrates that retrieval rate of
TRPV5-H712D channels from the
cell surface is significantly slower
than TRPV5-WT.

DISCUSSION

In this study, we identified the
C-terminally locatedHis712 as a crit-
ical residue for constitutive TRPV5
internalization. This conclusion is
based on the following observations.
First, functional analysis of C-termi-
nal deletion mutants demonstrated
the importance of residue His712 in
the regulation of TRPV5 activity.
Second, substitution of the posi-
tively chargedHis712 for a neutral or
negative residue increased TRPV5
activity. Third, the effects observed
for H712D were independent of
protein kinase A-mediated phos-
phorylation of the nearby residue
T709. Fourth, cell surface biotinyla-
tion revealed an increased abun-
dance of TRPV5-H712D channels
at the plasma membrane. Fifth,
TRPV5-H712D exhibited a delayed
internalization from the cell surface,
likely causing the increased plasma
membrane presence.
We employed fura-2 analysis to

investigate TRPV5 function. Fura-2
is a ratiometric dye and readout of
[Ca2�]i is, therefore, independent of
the dye concentration, illumination
intensity, and optical path length.
TRPV5-transfected cells exhibited
significantly elevated [Ca2�]i in com-
parison with mock confirming the
constitutive active nature of TRPV5.
The observed elevation in resting
[Ca2�]i was due to TRPV5-medi-
ated Ca2� influx as replacement of

the extracellular Ca2� solution by EGTA resulted in a decrease
of [Ca2�]i. In this situation, Ca2� influx into the cell is mini-
mized, whereas [Ca2�]i is pumped out of the cell. Switching
back to the [Ca2�]e solution induced a rapid increase of [Ca2�]i,
reaching levels above the basal [Ca2�]i. This overshoot in
[Ca2�]i, described as maximal [Ca2�]i, is likely a specific TRPV5
characteristic, as it was not observed in cells expressing the heter-
ologous channel TRPV6 (data not shown). This phenomenon
might be due to the relatively slow Ca2�-induced inactivation of
TRPV5 compared with TRPV6 (22).
Using fura-2 analysis, a critical role for the positive charge of

His712 in regulating TRPV5 activity was identified, as deletion

FIGURE 4. Examination of forskolin response on hyperactive TRPV5 mutants. Typical fura-2 trace in arbitrary
units (a.u.) of mock, TRPV5-WT (A), TRPV5-T709A, and TRPV5-T709D (B) upon the addition of forskolin. C, average
data representing fura-2 levels before (CTR) and after forskolin (FSK) stimulation of mock (n�19), TRPV5-WT (n�47),
TRPV5-T709A (n � 27), and TRPV5-T709D (n � 22). CTR, control. *, p � 0.05 compared with resting conditions.
Representative (D) and average (E) fura-2 data of TRPV5-WT (n � 47), TRPV5-H712D (n � 25), and TRPV5–712X (n �
28) in basal conditions and upon forskolin stimulation. Representative (F) and average (G) fura-2 ratio of TRPV5-WT
(n � 47), TRPV5-T709D/H712D (n � 20), and TRPV5–698X (n � 13) before and after forskolin stimulation.
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or substitution resulted in enhanced channel activity. Resi-
due His712 is in close proximity to the conserved protein
kinase A phosphorylation site Thr709 regulating TRPV5

open probability by the calciotro-
pic hormone parathyroid hormone
(15). As substitution of both Thr709
and His712 by a negatively charged
residue elevated basal [Ca2�]i to
a similar extent, we investigated
whether both mutants concealed a
similar activation mechanism. Nev-
ertheless, protein kinase A-medi-
ated stimulation by forskolin was
not compromised in TRPV5-H712D,
suggesting independent pathways
for the elevated TRPV5 activity.
This was confirmed by fura-2 anal-
ysis of the maximal [Ca2�]i, which
revealed that the overshoot of
[Ca2�]i of TRPV5-H712D was in-
creased significantly in comparison
with T709D. This implies that the
elevated basal activity of both
mutants is caused by two distinct
molecular mechanisms. Indeed, the
T709D mutant leads to an increase
in channel open probability (15),
whereas cell surface biotinylation
studies demonstrated an increased
plasma membrane abundance of
TRPV5-H712D. Thus, an enlarged
maximal [Ca2�]i, as detected by
fura-2 analysis, implies an elevation in
TRPV5 plasma membrane expres-
sion. Moreover, replacing the posi-
tively charged Arg707 by glutamic
acid (R707E) did not affect the cell
surface expression of TRPV5, dem-
onstrating the specific role for
His712 in TRPV5 plasma membrane
trafficking.
Interestingly, introduction of the

D542A mutation, which prevents
Ca2� influx, further increased plasma
membrane expression of TRPV5-
H712D (supplemental Fig. 2). This
indicates that a high [Ca2�]i, as
present in cells expressing TRPV5-
H712D, prevents full plasma mem-
brane accumulation of this mutant.
This is in contrast with observations
in neuronal cells, where intracellu-
lar Ca2� elevations induce synaptic
vesicle fusion and reduce endocyto-
sis, resulting in an elevated plasma
membrane presence of synaptic ion
channels (23, 24).
Finally, an internalization assay

was implemented to study the role for residue His712 in TRPV5
channel retrieval. Pilot experiments did not reveal any internal-
ization of TRPV5-H712D after a 5-min incubation at 37 °C,

FIGURE 5. TRPV5-H712D exhibits an enlarged Ca2� and Na� current. A, representative trace of fura-2 ratio
in HEK293 cells transiently transfected with TRPV5-T709D and TRPV5-H712D. B, fura-2 levels in arbitrary units
(a.u.) at basal conditions (t � 0) and peak level (max) upon administration of 1.4 mM Ca2�. Average data of
TRPV5-T709D (n � 19) and TRPV5-H712D (n � 22) as depicted in white and black bars, respectively. The asterisk
denotes a significant difference (p � 0.05) from indicated condition. C, inward Ca2� currents measured with 10
mM extracellular Ca2� during a 3-s step to �100 mV from a holding potential of �70 mV in HEK293 cells
expressing either TRPV5-WT or TRPV5-H712D. D, average peak current density during a voltage step to �100
mV in 10 mM Ca2�. Cells expressing TRPV5-H712D displayed significantly increased Ca2� peak currents. *, p �
0.05 compared with TRPV5-WT. E, I-V relationship measured from 450-ms voltage ramps in nominally divalent-
free solution. F, average current densities at �80 mV in nominally divalent-free solution. Cells expressing
H712D displayed significantly increased Na� currents at �80 mV. *, p � 0.05 compared with TRPV5-WT.

FIGURE 6. Plasma membrane presence of TRPV5-WT and TRPV5-H712D. Biotinylation studies of HEK293
cells expressing either TRPV5-WT or TRPV5-H712D (A) and in combination with the pore mutation TRPV5-
D542A (C). B and D, quantification of TRPV5 cell surface expression of biotinylation studies by correcting for
TRPV5 expression in total cell lysates. CTR HEK, nontransfected HEK293 cells. Protein input represents TRPV5
expression in total cell lysate. FSK, forskolin. CTR, control.
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which was detected for TRPV5-WT. Analysis after 30 min of
incubation at 37 °C demonstrated a significant delayed channel
retrieval for the H712D mutant, which ultimately results in an
increased plasma membrane abundance. Recent investigations
shed light on the process of TRPV5 retrieval from the plasma
membrane. In 2007, de Graaf et al. (21) found that constitutive
TRPV5 internalization is clathrin-dependent. Cha et al. (25)
demonstrated the involvement of caveolae in TRPV5 en-
docytosis. PKC stimulation via parathyroid hormone or 1-
oleoyl-2-acetyl-sn-glycerol activated TRPV5 via an enhanced
plasma membrane expression, which was absent in cells
treated with caveolin-1 siRNA or caveolin-1-negative cells
(25). Using the dominant-negative dynamin mutant K44A,
both studies revealed a crucial role for dynamin in TRPV5
endocytosis. In addition, TRPV5 plasma membrane expres-
sion is regulated by various physiological stimuli including
the �-glucuronidase klotho, tissue kallikrein, and extracellu-
lar pH (16, 26, 27). In this study, we identified the first resi-
due within TRPV5 essential for constitutive internalization.
It is not yet clear whether physiological stimuli can modify
internalization via His712; however, future research should
unravel such a mechanism.

The critical role for His712 also became apparent by its conser-
vation among different mammalian species. In general, classical
internalization signals (28–30) are composed of several residues,
none of them resembling the amino acids surrounding His712.
Removal of residues after His712 did not increase TRPV5 activity.
Therefore, the contribution of the highly conserved residues
upstream of His712 (Leu710 and Gly711) in TRPV5 internalization
remains to be investigated in the future. Altogether, this study
demonstratedanessential role for residueHis712 inTRPV5plasma
membrane trafficking.
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