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Abstract Dent’s disease is characterized by defective endocy-
tosis in renal proximal tubules (PTs) and caused by mutations in
the 2C1 /H" exchanger, CLC-5. However, the pathological role
of endosomal acidification in endocytosis has recently come
into question. To clarify the mechanism of pathogenesis for
Dent’s disease, we examined the effects of a novel gating glu-
tamate mutation, E211Q, on CLC-5 functions and endosomal
acidification. In Xenopus oocytes, wild-type (WT) CLC-5
showed outward-rectifying currents that were inhibited by ex-
tracellular acidosis, but E211Q and an artificial pure Cl™
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channel mutant, E211A, showed linear currents that were in-
sensitive to extracellular acidosis. Moreover, depolarizing pulse
trains induced a robust reduction in the surface pH of oocytes
expressing WT CLC-5 but not E211Q or E211A, indicating
that the E211Q mutant functions as a pure Cl channel similar
to E211A. In HEK293 cells, E211A and E211Q stimulated
endosomal acidification and hypotonicity-inducible vacuolar-
type H'-ATPase (V-ATPase) activation at the plasma mem-
brane. However, the stimulatory effects of these mutants were
reduced compared with WT CLC-5. Furthermore, gene silenc-
ing experiments confirmed the functional coupling between V-
ATPase and CLC-5 at the plasma membrane of isolated mouse
PTs. These results reveal for the first time that the conversion of
CLC-5 from a 2C1 /H" exchanger into a CI” channel induces
Dent’s disease in humans. In addition, defective endosomal
acidification as a result of insufficient V-ATPase activation
may still be important in the pathogenesis of Dent’s disease.

Keywords CLC-5 - Gating glutamate - Dent’s disease -
V-ATPase - Endocytosis - Endosomal acidification

Introduction

Dent’s disease is an X-linked disorder that causes a dysfunc-
tion in renal proximal tubules (PTs) and is characterized by
low-molecular-weight proteinuria (LMWP), hypercalciuria,
nephrocalcinosis, nephrolithiasis, and renal failure [6, 8, 9,
48, 51]. The etiology of Dent’s disease has been associated
with mutations in the CLCNJ5 gene that encodes the electro-
genic 2C1"/H" exchanger CLC-5 [22, 31, 36, 56].

CLC-5 belongs to the CLC family [20] and is abundantly
expressed in early endosomes of the PT, where it is co-localized
with vacuolar-type H'-ATPase (V-ATPase) [14, 35]. Several
lines of evidence indicate that CLC-5 plays an essential role in
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normal PT endocytosis by facilitating V-ATPase-mediated
endosomal acidification [25]. Indeed, previous studies showed
that two different CLC-5 knockout (KO) mice exhibited defec-
tive endosomal acidification and LMWP due to defective endo-
cytosis [15, 16, 32, 49]. Therefore, a hypothesis was proposed
that CLC-5 provides a Cl” shunt pathway required for maximal
endosomal acidification by V-ATPase.

The identification of CLC-5 as a 2CI /H" exchanger rather
than a Cl channel [31, 36, 56] has posed a challenge to the
above hypothesis, because endosomal Cl  transport by the
2C1 /H" exchanger may waste energy by recycling H' between
endosomes and the cytoplasm. Nevertheless, simulation studies
suggested that the 2C1 /H" exchange mode of CLC-7, rather
than the simple CI” conductance, would be more efficient in
lysosomal acidification, and this is applicable to the situation of
CLC-5 in endosomes [19, 50]. In contrast, Smith and Lippiat
proposed that CLC-5 directly acidifies endosomes by
transporting H' into endosomes in exchange of CI” [41].

In the 2C1 /H" exchanger CLC-ecl of Escherichia coli, a
glutamate residue in the selectivity filter (E148) acts not only
as the outside C1” gate but also as the extracellular H" acceptor
[10, 11]. Replacement of this conserved “gating glutamate,”
which corresponds to E211 in CLC-5, with alanine converts
2CI/H' exchangers to pure ClI" channels [1, 2, 31, 36].
Interestingly, in transgenic mice, the E211A mutation of
CLC-5 acts as an artificial pure CI channel mutant and causes
defective PT endocytosis similar to that of CLC-5 KO mice.
Unlike CLC-5 KO mice, however, the E211A mice complete-
ly preserved normal endosomal acidification, suggesting that
endosomal Cl™ accumulation is more important for PT endo-
cytosis than endosomal acidification [29].

While more than 150 mutations in CLCN5 have been iden-
tified [9, 24], mutations in the “gating glutamate” have not
been reported to date. Notably, a recent genetic study of
Japanese patients with typical Dent’s disease identified a pre-
viously unrecognized CLC-5 E211Q mutation [39].
Interestingly, the E148Q mutant in CLC-ec1, like the E148A
mutant, was shown to behave as a pure Cl™ channel. In this
study, we aimed to clarify the mechanism of pathogenesis for
Dent’s disease by analyzing the effects of the E211Q mutation
on CLC-5 functions and endosomal acidification.

Methods
Patient description

The patient was a 7-year-old boy who presented with high
urinary {32-microglobulin (37,580 pg/L; normal range
<230 ug/L), hypercalciuria (calcium/creatinine 0.313 mg/mg;
normal range <0.2 mg/mg), and renal calcification without
renal failure. The genetic analysis identified a codon change
¢.631G>C resulting in the CLC-5 E211Q mutation [39].
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Animals

All animal procedures including sacrifice were approved by
the University of Tokyo Ethics Committee for Animal
Experiments and conformed to the guidelines for animal ex-
periments of the University of Tokyo.

Molecular modeling of CLC-5

A three-dimensional model of the human CLC-5 transmem-
brane domains was constructed as previously reported [52]
based on X-ray crystallographic data for CLC-ecl [10, 11].
This model utilized the optimization of the molecular structure
by energy minimization and molecular dynamic simulation.
Molecular modeling and analysis were performed using a
package for molecular structure analyses, Molecular
Operating Environment (MOE 2011.10, Chemical
Computing Group Inc., Québec, Canada http://www.
chemcomp.com/). The E211Q and E211A mutant models
were also constructed by the same manner.

Preparation of CLC-5-expressing constructs

Hemagglutinin (HA)-tagged human wild-type (WT) CLC-5
subcloned into pTLN [13] and pcDNA3.1 vectors were used
for expression in Xenopus laevis oocytes and HEK293 cells,
respectively. Both of the vectors were kindly provided by Dr.
T. J. Jentsch (Leibniz-Institut fiir Molekulare Pharmakologie,
Berlin, Germany). To introduce mutations, the QuickChange
II XL Site-Directed Mutagenesis kit (Agilent Technologies,
Santa Clara, CA, USA) was used and the complete cDNA
sequences were verified by DNA sequencing.

Expression in oocytes

The mMESSAGE mMACHINE high-yield Capped RNA
Transcription kit (Thermo Fisher Scientific, Waltham, MA,
USA) was used to synthesize capped cRNAs from the CLC-
5 constructs. Female X. laevis were anesthetized before sur-
gery by immersion in 0.2 % tricaine methanesulfonate (MS-
222, Sigma-Aldrich, St. Louis, MO, USA) solution for
30 min. Oocytes were surgically collected from ovaries, treat-
ed with collagenase as described [17, 40, 47], and injected
with 5 ng of each cRNA, while the frogs were kept in separate
tanks for 2 days after the suture and put back in the aquarium.
Electrophysiological experiments were performed 3—4 days
after cRNA injection.

Voltage clamp in oocytes
An oocyte was placed in a perfusion chamber and superfused

with nominally HCO3 -free ND96 solution (96 mM NaCl,
2 mM KCI, 1 mM MgCl,, 1.8 mM CacCl,, and 5 mM
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HEPES) that was adjusted to pH 7.4. To measure the CLC-5
current, a two-electrode voltage clamp method consisting of
20 mV steps from —80 to +80 mV during 100 ms from a
folding potential of =25 mV was performed with a model
OC-725C oocyte clamp (Warner Instruments, Hamden, CT,
USA) controlled by the Clampex module of pPCLAMP soft-
ware (Molecular Devices, Sunnyvale, CA, USA). Using the
same voltage clamp method, we measured the CLC-5 current
in perfusates of various pH (5.4, 6.4, 7.4, and 8.4) to examine
its sensitivity to extracellular acidosis. For pH 6.4 and 5.4
solutions, 5 mM HEPES was replaced by 5 mM 2-(N-
morpholino)-ethanesulfonic acid (MES). To exclude a contri-
bution of any leaky endogenous currents, a reduction in cur-
rent amplitude to the replacement of 80 mM CI™ in ND96 by
equivalent amounts of I was routinely confirmed [46].

Surface pH measurement in oocytes

An oocyte was voltage clamped and the surface pH of the oocyte
was measured by pH-sensitive and reference microelectrodes
connected to a Duo773 high-input impedance differential elec-
trometer (WPI, Sarasota, FL, USA). Tips of pH-sensitive micro-
electrodes were siliconized with dichlorodimethylsilane vapor

(Serva, Heidelberg, Germany) and filled with the ionophore
cocktail (95293, Sigma-Aldrich) as described [21, 38], and only
electrodes responding with a slope larger than 50 mV per pH unit
were used. For these measurements, HEPES concentration in
perfusates was reduced to 0.5 mM as described [31].

Expression in HEK293 cells

HEK293 cells were transfected with CLC-5 constructs using
Lipofectamine 2000 (Thermo Fisher Scientific). To facilitate
the expression of CLC-5 constructs, Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10 % fetal calf
serum and 5 mM sodium butyrate was used [7]. Measurements
of cell and endosomal pH, immunoblotting, or immunofluores-
cence analysis were performed 48 h after transfection.

Measurement of V-ATPase activity in HEK293 cells

HEPES-buffered solution (127 mM NaCl, 5 mM KCl, 1.5 mM
CaCly, 1 mM MgCly, 2 mM NaH,POy,, 1 mM Na,SO,, 25 mM
HEPES, and 5.5 mM glucose) was adjusted to pH 7.4. In iso-
tonic Na'-free solution, Na" was replaced by equivalent amounts
of N-methyl-D-glucamine. In hypotonic Na'-free solution, the

Fig. 1 Electrophysiological a I (nA) b
properties of WT and CLC-5 1.4 l
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E211A (n=9), and E211Q o E211Q| 98] ge
mutants (n=6). b Current 0.6; 3 8 804
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pH. Currents at 80 mV were 0,24 701 -+ E211Q *
monitored for each oocyte ﬁ,. a 60 . i i . pH
expressing WT CLC-5 (n=6), the -80 -jo»‘ 4%{0 20 40 60 80 84 74 64 54
E211A mutant (n=7), or the i.,-; -4
E211Q mutant (n="7) (*p<0.05 -0.4- c +80mMV ¢
versus pH 7.4). Each data point is J_
normalized to the current value at -25mV L
pH 7.4. ¢ A protocol of each -100mV
single depolarizing pulse. d A d 4-HA
representative CLC-5 current 2. e 20pulses
elicited by a single depolarizing WT o4 I —
pulse. e Changes in surface pH of 24 7.4 4
oocytes in response to repetitive 4 E—
depolarizing pulse trains 0 05 1 15 2s 7.2 1
measured with pH-sensitive and uA
reference microelectrodes ‘2‘_ - E
E211A 0 -I
-2 . 7.4 7 - . 0000000000C00000000- -
4 ——
0 05 1 15 2s 7.2 7
4MA '
2
E211Q 0 7.4 - - 0000000000000000000 -
o I T
0 05 1 15 2s

@ Springer



1186

Pflugers Arch - Eur J Physiol (2016) 468:1183—-1196

osmolality was reduced to 210 mOsm [33]. In NH4CI solution,
30 mM NaCl in HEPES-buffered solution was replaced by equi-
molar amounts of NH4CI. Cellular pH was measured by detect-
ing fluorescence emissions from the pH dye acetoxymethylester
of bis(carboxyethyl)carboxyfluorescein (BCECF/AM; Doujin,
Kumamoto, Japan) with a photometry system (OSP-10;
Olympus, Tokyo, Japan) [17, 47, 53]. To induce intracellular
acidification, cells were first pulsed with 30 mM NH4CI for
3 min. Afterwards, the solution was exchanged for isotonic
Na'-free solution followed by hypotonic Na'-free solution,
which was previously shown to activate V-ATPase [3, 33].
Intracellular pH was calibrated by incubating the cells with so-
lutions containing 120 mM KCI, 20 mM NaCl, and 10 uM
nigericin adjusted to pH 6.5 to 7.5 [54].

Measurement of endosomal pH in HEK?293 cells

To measure endosomal pH, we used a ratiometric biosensor
comprised of the pH-sensitive GFP mutant pHluorin fused to
the vesicle-associated membrane protein VAMP2, kindly pro-
vided by Dr. J. D. Lippiat (University of Leeds, Leeds, UK)
[26, 41]. HEK293 cells were cotransfected with VAMP2-
pHIuorin and CLC-5 constructs. A Leica TCS SP51I confocal

Fig. 2 Predicted molecular a
structures of CLC-5 constructs. e
Transmembrane domain
molecular structure of WT human
CLC-5, E211Q, and E211A were
predicted on X-ray

microscope (Leica Microsystems, Wetzlar, Germany) was
used to excite VAMP2-pHluorin at 405 and 488 nm.
Emissions were measured through a long-pass filter covering
505 to 696 nm. Endosomal pH was determined in two or three
vesicles in a single cell across >20 cells that were transfected
with CLC-5 constructs or a blank vector control. To convert
the 405-/488-nm fluorescence ratio to pH, in situ pH calibra-
tion was performed as described [43].

Sample preparation, cell surface biotinylation,
and immunoblotting

HEK293 cells were grown on a 10-cm culture dish,
transfected with the CLC-5 constructs, collected, lysed with
the lysis buffer (Tris/pH 8.0, 150 mM NaCl, 1 % Nonidet
P-40, 0.5 % sodium deoxycholate, 0.1 % SDS, and 1 mM
PMSF), and subjected to immunoblotting of total cellular frac-
tions. To examine the effect of hypotonicity on plasma mem-
brane V-ATPase expression, HEK293 cells transfected with
each CLC-5 construct were superfused with 30 mM NH4Cl
solution for 3 min, isotonic Na*-free solution for 90 s, and
hypotonic Na'-free solution (210 mOsm) for 1 min at 37 °C.
Thereafter, cell surface biotinylation was performed using the

IIe456

crystallographic data of CLC-ecl
and shown in a, b, and ¢,
respectively. E211 (WT), Q211
(mutant), and A211 (mutant) are
colored in yellow, light blue, and
deep green. Oxygen, nitrogen,
and chloride are colored in red,
blue, and light green, respectively.
Hydrogen atoms are not
described. Theoretical van del
Waals surface of chloride ions are
described in light green.
Hydrogen bonds and distances
related to side-chains of E211 and
Q211 are shown by green dashed
lines with the lengths (A)
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Pierce Cell Surface Protein Isolation Kit (Thermo Scientific)
as described [47, 53] and samples were subjected to biotinyl-
ation western blotting. Immunoblotting of total cellular frac-
tions or cell surface fractions was performed by using antibod-
ies against HA (Roche Diagnostics, Meyland, France), B2
subunit of V-ATPase (Santa Cruz Biotechnology, Dallas,
TX, USA), B-actin (Merck Millipore), or Na/K pump «1
(Merck Millipore, Darmstadt, Germany).

Immunofluorescence

HEK293 cells were cotransfected with CLC-5 constructs and
VAMP2-pHluorin and grown on polylysine-coated cover-
slips. After fixation with 4 % paraformaldehyde in PBS, cells
were permeabilized with 0.1 % Triton X-100 (Sigma-Aldrich)
and stained with a rabbit polyclonal anti-HA antibody
(BETHYL, Montgomery, TX, USA) followed by an Alexa
Fluor 546 goat anti-rabbit IgG (Molecular Probes) secondary
antibody. The Leica TCS SP5II confocal microscope was used
to visualize VAMP2-pHluorin (488 nm) and CLC-5 con-
structs (543 nm).

Measurement of luminal Na*/H" exchanger (NHE)
and V-ATPase activities in isolated mouse PTs

PTs were isolated from 6-week-old C57BL/6 mice which were
sacrificed by intraperitoneal injection of excessive amounts of

Fig. 3 Effects of CLC-5 a
constructs on V-ATPase in
HEK293 cells. a Intracellular pH

Isotonic

NH“CII Na*-free I

Hypotonic
Na*-free

pentobarbital and attached to a glass coverslip coated with Cell-
Tak glue (Corning, NY, USA). A capillary glass was used to
expose the luminal surface as described for isolated mouse
distal tubules [37]. To measure luminal V-ATPase and NHE
activities, intracellular pH was monitored with an inverted fluo-
rescence microscope equipped with MetaFluor 7.7 software
(Molecular Devices, Sunnyvale, CA, USA) similar to the mea-
surements of V-ATPase activity in HEK293 cells. In brief, iso-
lated and split-opened mouse PTs in the chamber were first
loaded with BCECF/AM in HEPES-buffered solution for 5 to
10 min, and then the perfusate was switched to isotonic Na'-
free solution. After intracellular acidification was achieved by
the NHE activities, the solution was replaced with hypotonic
Na'-free solution to activate plasma membrane V-ATPase. The
V-ATPase activity was determined by the rates of cellular pH
recovery that was observed both in isotonic and hypotonic Na -
free solutions. For the calculation of the activity, the cellular pH
change during the initial 30 s was measured.

siRNA treatment in isolated mouse PTs

Freshly isolated mouse PTs were treated with siRNA for
the V-ATPase B2 subunit, CLC-5, or scrambled negative
control (all from Santa Cruz Biotechnology, Dallas, TX,
USA) using Lipofectamine 2000 and were incubated
overnight in DMEM supplemented with 10 % FBS as
previously reported [27].
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RNA extraction and quantitative PCR analysis

Total RNA was extracted from isolated mouse PTs by using
Isogen II (Nippon Gene, Tokyo, Japan), and cDNA was syn-
thesized with the cDNA Synthesis Kit (Takara, Tokyo, Japan)
as previously described [27]. Quantitative PCR was per-
formed with TagMan Gene Expression Master Mix (Applied
Biosystems, Foster City, CA, USA), TagMan Gene
Expression Assays (MmO00431987 ml for V-ATPase B2,
Mm00443851 ml for CLC-5, and Mm00607939 sl for f3-
actin; all from Applied Biosystems), and sequence detection
system (7500 Fast Real-time PCR System; Applied
Biosystems). The expression level was quantified relative to
the abundance of 3-actin cDNA.

Statistical analysis

The data were presented as the mean+SEM. Unpaired
Student’s ¢ test or ANOVA with Bonferroni’s correction were
used to determine significant differences as appropriate.
Statistical significance was set at p<0.05.

Results
Functional analysis of E211Q in Xenopus oocytes

We first examined the functional properties of the CLC-5
E211Q mutant. Figure 1a shows the current—voltage relation-
ships of oocytes expressing WT CLC-5, the E211Q mutant, or
the artificial E211A mutant. WT CLC-5 showed strongly out-
wardly rectifying currents as previously reported [13, 46]. In
contrast, the pure CI channel E211A mutant showed nearly
linear currents [31, 36]. Notably, the E211Q mutant also
showed linear currents similar to that of E211A. Although
extracellular acidosis significantly reduced the WT currents,
E211A and E211Q mutants had no reduction in currents as
shown in Fig. 1b. These results suggest that the E211Q mutant
behaves as a pure CI channel.

To further characterize the properties of the E211Q mutant,
we examined changes in the surface pH of oocytes in response
to trains of depolarizing pulses (Fig. Ic). As shown in Fig. 1d,
e, WT CLC-5 elicited an immediate and reversible reduction in
surface pH by 0.31+0.04 (n=4) in response to the pulse trains,
consistent with its function as a 2C1/H" exchanger [31]. In

Fig. 4 Surface expression of a Isotonic b Hypotonic
endogenous V-ATPase B2
subunit in HEK293 cells. a 1.2+ l 1.2 I .
Biotinylation western blotting in ’ T ~ 11 I
isotonic Na'-free solution. a s 1 [ [ [
Intensity data for V-ATPase B2 5 0.81 S0 0.8
subunit/Na“-K" ATPase were S 3061 & g 0.6
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contrast, either the E211A mutant (n="7) or the E211Q (n=7)
mutant failed to elicit changes in surface pH in response to the
pulse trains. These results confirmed that the E211Q mutation,
like E211A, converts CLC-5 into the pure Cl™ channel.

Effects of E211Q and E211A mutations on CLC-5 gaiting
structure

To gain insight into molecular mechanism underlying the
mutation-based changes in CLC-5 function, we also per-
formed simulation analysis on the gating structure.
Transmembrane domain molecular structures of WT CLC-5,
E211Q, and E211A mutant were predicted based on X-ray
crystallographic data of CLC-ecl [10, 11].

Figure 2a shows that carboxyl group of E211 in WT CLC-5
was fixed by hydrogen bonds to main-chain NH groups of
E211, G212, and 1456. The homologous E148 in CLC-ecl
has also similar interaction to neighboring main-chain [23].
Figure 2b illustrates the structural effects of the E211Q muta-
tion. In the case of Q211, the side-chain direction was changed,
and only hydrogen bond to Q211 main-chain NH group
remained. The NH, group of Q211 would break the hydrogen
bonds to G212 and [456, and its partially positive charge weak-
ly interacted to a neighboring chloride ion. This “open confor-
mation,” as also observed in CLC-ecl E148Q mutation [23], is

similar to the structure of a temporary protonated E211 in the
theoretical model of human CLC-5 proton transformation [55].
Figure 2c also illustrates the structural effects of the E211A
mutation. In this model, A211 main-chain was shifted away
from F455-1456 due to its small side-chain. Thus, the confor-
mational shift of neighboring side-chains (including F455,
1456, and Y558) in the E211A mutant was significantly larger
enough to form slightly wider “open conformation” than that in
the E211Q mutant. The similar main-chain shift was also ob-
served in the CLC-ecl E148A mutation [28]. Unlike the
E211Q mutant, the E211A mutant failed to directly interact
with a chloride ion due to the lack of NH, group.

These structural analyses confirmed that the protonation of
E211 played a key role in the gating mechanism for CI” trans-
port [30, 55]. Furthermore, E211Q and E211A mutations were
expected to induce similar changes in the gating structure,
resulting in an “open conformation” that allowed for free
CI transport even in the absence of E211 protonation.

Effects of CLC-5 constructs on V-ATPase in HEK293 cells

We next examined the impact of WT and mutant CLC-5 con-
structs on plasma membrane V-ATPase activity in HEK293
cells. Cellular pH recovery from acid load was monitored in
the absence of Na', and V-ATPase was activated by

Fig. 5 Effects of CLC-5 a WT E211A E211Q
constructs on endosomal pH. a
Co-localization of HA-CLC-5
constructs and VAMP2-pHluorin. CLC-5
Confocal images of HEK293
cells showed that each CLC-5
construct (red) and VAMP-2
pHluorin (green) localized in
endosomes and also at the plasma pH luorin
membrane. Scale bars =10 um. b
Endosomal pH measured by the
ratiometric VAMP2-pHluorin
analysis. (*p <0.05 versus Vector
and *p<0.05 versus WT). ¢ Merge
Endosomal pH in the presence of
200 nM bafilomycin
b c ] )
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hypotonicity as previously reported [3, 33]. As shown in
Fig. 3a, superfusion with isotonic Na'-free solution after
NH,4CI pulse decreased cellular pH to approximately 6.8.
While the subsequent hypotonic Na'-free solution had a neg-
ligible effect on pH recovery in cells transfected with the con-
trol vector alone, WT CLC-5 induced a rapid pH recovery that
was completely inhibited by 200 nM bafilomycin, an effect
that is consistent with the activation of V-ATPase [3, 33]. Both
of the E211A and E211Q mutants also activated V-ATPase,
but the magnitude of V-ATPase activation was reduced com-
pared with WT CLC-5 (Fig. 3b). Western blot analysis con-
firmed that E211A levels were comparable to that of WT
CLC-5, and E211Q levels were higher than WT CLC-5 as
shown in Fig. 3c, d. This indicates that the reduced activation

of V-ATPase by E211A and E211Q mutants was not due to a
difference in protein expression levels of these mutants.

We also examined the surface expression of the V-
ATPase B2 subunit. Figure 4a shows that the CLC-5 con-
structs had no effect on the surface expression of endog-
enous V-ATPase. In addition, Fig. 4b, ¢ shows that incu-
bation with hypotonic Na'-free solution did not impact the
surface expression of V-ATPase. These results indicate that
the difference in surface expression of V-ATPase cannot
account for the difference in the degree of V-ATPase ac-
tivation by CLC-5 constructs. These data also confirmed
that hypotonicity stimulates V-ATPase activity without al-
tering V-ATPase surface expression as previously reported
[3, 33].
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Fig. 6 Activities of luminal transporters in freshly isolated and split-
opened mouse PTs. a An image of an isolated and split-opened mouse
PT. It was attached to a glass coverslip by a tissue adhesive, and one side
was split by a glass pipet (shown in a yellow circle). a Scale bar=10 pm.
b Intracellular pH tracings of lumen-open and lumen-closed mouse PTs in
response to Na” removal. Lumen-open PTs exhibited a faster and greater
pH decrease by Na' removal, which reflected the higher NHE activity. ¢
NHE activity determined by the rates of cellular pH decrease in response
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to Na' removal. Open and closed bars indicate data from lumen-open and
lumen-closed PTs, respectively (n=6 for each and *p <0.05 versus
lumen-closed). d Hypotonicity-inducible luminal V-ATPase activation
in lumen-open mouse PTs. e Bafilomycin-sensitive V-ATPase activity
in lumen-open mouse PTs. Open and closed bars indicate data in
isotonic (n=6) and hypotonic (n=7) Na'-free solution, respectively
(*p <0.05 versus isotonic)



Pflugers Arch - Eur J Physiol (2016) 468:1183-1196

1191

Effects of CLC-5 constructs on endosomal acidification
in HEK293 cells

We next examined the effects of CLC-5 constructs on
endosomal acidification in HEK293 cells by using VAMP2-
pHluorin [41]. Figure 5a illustrates the localization of CLC-5
and VAMP2-pHIuorin in HEK293 cells transfected with each
CLC-5 construct. As can be seen in these images, WT CLC-5,
E211A, and E211Q showed similar intracellular localization
in endosomes and at the plasma membrane. Figure 5Sb shows
that while all of the CLC-5 constructs significantly reduced
endosomal pH, the magnitude of acidification by E211A and
E211Q was reduced compared with WT. Given that
bafilomycin abolished the effects of the CLC-5 constructs on
endosomal acidification (Fig. 5¢), CLC-5-induced endosomal
acidification reflected V-ATPase activity at the endosome.

Effects of CLC-5 on plasma membrane V-ATPase
in isolated mouse PTs

While the activation of endosomal V-ATPase by CLC-5 has
been well established [14, 42], the activation of plasma mem-
brane V-ATPase by CLC-5 is rather unexpected. Therefore,
we examined whether CLC-5 was required for the plasma
membrane V-ATPase activation in isolated mouse PTs.
Figure 6a shows an isolated and split-opened mouse PT. In
this preparation, luminal NHE activity was reliably measured
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Fig. 7 Preserved activities of luminal transporters in isolated mouse PTs
after overnight incubation with control small interference RNA (siRNA).
a NHE activity of freshly isolated PTs (day 0) and PTs treated with control
siRNA (day 1). Open and closed bars indicate data from day 0 and day 1,
respectively (n=06 for each and *p <0.05 versus day 0). b Plasma
membrane V-ATPase activity of freshly isolated PTs (day 0) and PTs
treated with control siRNA (day 1), activated by hypotonic solution.

(Fig. 6b, c). Moreover, Fig. 6d, e shows that hypotonicity
activated bafilomycin-sensitive V-ATPase also in isolated
mouse PTs. As shown in Fig. 7, luminal NHE and V-
ATPase activities were largely preserved after overnight incu-
bation with control small interference RNA (siRNA), consis-
tent with the functional preservation of cultured PTs through
the duration of the experiments [27].

Figure 8a, b shows that treatment with siRNA against V-
ATPase B2 subunit or CLC-5 effectively and selectively sup-
pressed the mRNA expression of B2 subunit or CLC-5, re-
spectively. Consistent with the predominant role of the B2
subunit in V-ATPase in PTs [4], siRNA against B2 markedly
suppressed hypotonicity-induced V-ATPase activity in PTs
and, moreover, siRNA against CLC-5 also largely suppressed
V-ATPase activity as shown in Fig. 8c, d. These results indi-
cate that CLC-5 is required for plasma membrane V-ATPase
activity not only in cultured cells but also in intact PTs.

Discussion

We performed the functional characterization of the “gating
glutamate” mutation E211Q in CLC-5 identified in a typical
Dent’s disease patient. In Xenopus oocytes, WT CLC-5
showed outward-rectifying currents that were inhibited by ex-
tracellular acidosis. On the other hand, E211Q, like the artifi-
cial mutant E211A, displayed linear currents that were
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Open and closed bars indicate data from day 0 and day 1, respectively
(n=17 for day 0, n=06 for day 1, and *p=0.046 versus day 0). ¢ Plasma
membrane V-ATPase activity of freshly isolated PTs (day 0) and PTs
treated with control siRNA (day 1) in isotonic solution. Open and
closed bars indicate data from day 0 and day 1, respectively (n=6 for
each and *p <0.05 versus day 0)
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Fig. 8 V-ATPase activity in isolated mouse PTs requires CLC-5. Isolated
mouse PTs were treated with scrambled siRNA (control), sSiRNA against
V-ATPase B2 subunit (anti-B2), or siRNA against CLC-5 (anti-CLC-5). a
mRNA expression level of V-ATPase B2 subunit (» =4). Each data point
is normalized to the average value of control. b mRNA expression level
of CLC-5 (n=4). Each data point is normalized to the average value of

insensitive to extracellular acidosis. While WT CLC-5 in-
duced a robust decrease in surface pH in response to the
depolarizing pulses, E211Q and E211A failed to induce such
changes in surface pH. These results indicate that the E211Q
mutant behaves as a CI” channel similar to the E211A mutant.
Simulation analysis based on the structure model of CLC-5
further supports this conclusion. Previously, the E211A mu-
tant was shown to cause defective endocytosis in PTs of trans-
genic mice [29]. This study is the first to show that the E211Q
mutation also converts the functional mode of CLC-5 from a
2CI /H" exchanger into a CI™ channel, which leads to the
pathogenesis of Dent’s disease in humans. Traditionally,
endosomal acidification via functional coupling between
CLC-5 and V-ATPase has been considered to be essential
for normal endocytosis [25]. However, endosomal acidifi-
cation of vesicles purified from PTs was reported to be
completely preserved even in E211A mice. This seemed
to suggest that ClI° accumulation might be critical for
normal endocytosis rather than endosomal acidification
[29, 50]. Nevertheless, our present study indicates that
defective endosomal acidification due to insufficient V-
ATPase activation still plays an important role in the
pathogenesis of Dent’s disease.

@ Springer

control. ¢ Intracellular pH tracings of siRNA-treated PTs. Note that cell
pH recovery in hypotonic Na'-free solution was markedly suppressed by
anti-B2 or anti-CLC-5 siRNA. d Summary data for V-ATPase activity (8
for control, n="7 for V-ATPase anti-B2 subunit, n =8 for anti-CLC-5 and
*p<0.05 versus control)

In HEK293 cells, we observed that both of the E211Q
and E211A mutants caused a moderate reduction in
endosomal pH. However, endosomal acidification by
these mutants was significantly less than that by WT
CLC-5, in contrast to previous findings in E211A mice.
Methodological differences may account for this discrep-
ancy. For example, significant acidification could still be
detected in endosomal vesicles prepared from mouse PT
fractions even in the complete absence of CLC-5 [15]. In
contrast, basal V-ATPase activity was negligible in
HEK?293 cells, lacking the endogenous CLC-5 activity
[41]. Accordingly, the difference in endosomal acidifica-
tion by the CLC-5 constructs as detected in the present
study might have been missed in vesicles prepared from
the E211A mice [29]. Some compensatory mechanisms
might have also emerged in the gene-targeted mice.
While the involvement of cell type-specific factors cannot
be excluded, lack of basal V-ATPase activity in HEK293
cells may support the functional coupling of V-ATPase
and CLC-5 at the plasma membrane as will be discussed
below. On the other hand, our study confirms the model
that the ClI" shunt pathway can facilitate endosomal acid-
ification by V-ATPase [25, 34]. Although this observation
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Fig. 9 Hypothetical models for the functional coupling between V-
ATPase and CLC-5 in endosomes and plasma membrane. a A
schematic model of endocytosis and localization of CLC-5 and V-
ATPase in a renal proximal tubular cell. CLC-5 expressed in early
endosomes with V-ATPase is involved in normal endocytosis, while it
is also expressed in the plasma membrane with V-ATPase. Mutations in
the coding gene CLCNS5 cause Dent’s disease that is characterized
primarily by low-molecular-weight proteinuria (LMWP). b Proposed
models for roles of CLC-5 in endosome. In indirect acidification model,
CLC-5 activates V-ATPase indirectly by functioning as a CI shunt

contradicts the idea of direct endosomal acidification by
CLC-5 [41], theoretical considerations also put the direct
acidification theory in doubt [44, 45].

The previous simulation studies on lysosomal acidification
support the advantage of the 2C1 /H" exchange mode. Thus,
CLC-7 as an antiporter provides more negative intravesicular
potential than a pure Cl™ conductor, resulting in the electro-
chemical environments that are more favorable for V-ATPase
[19, 50]. Such indirect activation of V-ATPase is one possible
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0
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V-ATPase

Direct acidification
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H+
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pathway. Although the results of our present study supports this model,
we cannot exclude that CI™ accumulation into endosome rather than C1
shunting is more important in the same model. In direct acidification
model, on the other hand, CLC-5 functions in the opposite direction as
a Cl exit pathway. ¢ Functional coupling of V-ATPase and CLC-5 in the
plasma membrane. CLC-5 activates V-ATPase in the plasma membrane
via unknown mechanisms that require the 2CI/H" exchange activity.
This type of functional coupling between V-ATPase and CLC-5 is
presumed to exist even in endosomes

explanation for the more efficient endosomal acidification by
WT CLC-5 than by the E211Q and E211A mutants. However,
the present study raised another intriguing possibility that the
2CI'/H" exchange mode of WT CLC-5 directly activates V-
ATPase.

At usual inside negative cell membrane potentials,
the simple linear CI” channel should provide a negative
charge shunt by exporting CI" from inside cells, leading
to the acceleration of H' extrusion. Conversely, the
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outwardly rectifying 2C17/H" exchanger should be near-
ly inactive at this potential according to the current—
voltage relationship (Fig. la) and would induce no
changes in electrochemical gradients for H'.
Nevertheless, WT actually activated plasma membrane
V-ATPase in HEK293 cells more efficiently than the
E211Q and E211A mutants. Moreover, silencing of
CLC-5 by siRNA in isolated mouse PTs significantly
reduced plasma membrane V-ATPase activity without
changing the expression level of the B2 subunit. These
results support the view that tight functional coupling
between V-ATPase and CLC-5 exists also in the plasma
membrane.

How did WT CLC-5 activate plasma membrane V-
ATPase more efficiently than the CI” channel mutants?
The answer to this question is currently unknown, but V-
ATPase is known to have multiple functions. For example,
V-ATPase may be critical for endosomal pH-sensing mech-
anism by interacting with the small GTPase Afr6 and
ARNO [18]. Moreover, a multi-protein complex including
V-ATPase senses amino acids in lysosomes and thereby ac-
tivates target of rapamycin (mTOR) kinase [57], which may
in turn regulate megalin-mediated PT endocytosis [12]. It is
therefore possible that the 2C1 /H" exchange mode of CLC-
5 induces the maximal plasma membrane V-ATPase activa-
tion by recruiting unknown cellular factors and/or modifying
V-ATPase functions. A previous study using immortalized
rat renal proximal tubule cells also supports this view [5].
Hypothetical models for the functional coupling between V-
ATPase and CLC-5 in both endosomes and plasma mem-
brane were summarized in Fig. 9. On the other hand, it is
unclear whether our present in vitro data directly corre-
sponds to in vivo condition where many compensatory func-
tions will happen. To clarify this issue, future studies on
E211Q knock-in mice or PT cells from the patient carrying
the E211Q mutation will be required.

In summary, our present study revealed that the con-
version of CLC-5 2C1/H" exchanger into the pure Cl~
channel indeed induces Dent’s disease in humans. We
found that the 2C1 /H" exchange mode of CLC-5 is
required for the maximal V-ATPase activation in both
endosome and plasma membrane. While we cannot ex-
clude the potential involvement of endosomal Cl accu-
mulation, our data support the critical role of defective
endosomal acidification due to insufficient V-ATPase
activation in the pathogenesis of Dent’s disease.
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