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Background: KCNJ10 is a key component of the basolateral K channels in DCT.

Results: SFK phosphorylates KCNJ10 at Tyr®, and inhibition of SFK decreases basolateral K channel activity in DCT.
Conclusion: SFK stimulates the basolateral K channels in DCT by phosphorylating KCNJ10.

Significance: Tyrosine phosphorylation of KCNJ10 plays a role in regulating membrane transport in DCT.

The loss of function of the basolateral K channels in the distal
nephron causes electrolyte imbalance. The aim of this study is to
examine the role of Src family protein tyrosine kinase (SFK) in
regulating K channels in the basolateral membrane of the mouse
initial distal convoluted tubule (DCT1). Single-channel record-
ings confirmed that the 40-picosiemen (pS) K channel was the
only type of K channel in the basolateral membrane of DCT1.
The suppression of SFK reversibly inhibited the basolateral
40-pS K channel activity in cell-attached patches and decreased
the Ba>* -sensitive whole-cell K currents in DCT1. Inhibition of
SFK also shifted the K reversal potential from —65 to —43 mV,
suggesting a role of SFK in determining the membrane potential
in DCT1. Western blot analysis showed that KCNJ10 (Kir4.1), a
key component of the basolateral 40-pS K channel in DCT1, was
a tyrosine-phosphorylated protein. LC/MS analysis further con-
firmed that SFK phosphorylated KCNJ10 at Tyr® and Tyr®. The
single-channel recording detected the activity of a 19-pS K
channel in KCNJ10-transfected HEK293T cells and a 40-pS K
channel in the cells transfected with KCNJ10+KCNJ16 (Kir.5.1)
that form a heterotetramer in the basolateral membrane of the
DCT. Mutation of Tyr® did not alter the channel conductance of
the homotetramer and heterotetramer. However, it decreased
the whole-cell K currents, the probability of finding K channels,
and surface expression of KCNJ10 in comparison to WT
KCNJ10. We conclude that SFK stimulates the basolateral K
channel activity in DCT1, at least partially, by phosphorylating
Tyr® on KCNJ10. We speculate that the modulation of tyrosine
phosphorylation of KCNJ10 should play a role in regulating
membrane transport function in DCT1.
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The DCT? is responsible for the reabsorption of 5~10% of the
filtered NaCl load and is the target of thiazide diuretics (1, 2). It
is composed of early (DCT1) and late DCT (DCT2), and the
expression of ion transporters is also not identical between
DCT1 and DCT?2. Although the Na/Cl cotransporter (NCC) is
expressed in the apical membrane throughout the DCT (3, 4),
ROMK (renal outer medullary K) and ENaC (epithelial Na
channel) have been shown to be highly expressed in the apical
membrane of DCT2 but not of DCT1 (5, 6). The absorption of
NaCl in DCT1 is a two-step process. Na and Cl enter the cells
across the apical membrane through the NCC, and Na is then
pumped out the cell through the basolateral Na-K-ATPase,
whereas Cl exits the cell along its electrochemical gradient by
basolateral Cl channels (7).

The basolateral K channel in DCT1 plays several important
roles in regulating the transepithelial membrane transport in
DCT1. First, the K channels participate in generating the cell
membrane potential, which is the driving force for Cl exit
across the basolateral membrane (8). Therefore, the activity of
the basolateral K channel has a significant effect on the tran-
sepithelial Cl absorption in DCT1. Second, they are responsible
for K recycling, which is essential for maintaining Na-K-
ATPase activity (9). It has been suggested that the activity of
Na-K-ATPase must be matched with the basolateral K con-
ductance to sustain transepithelial Na transport (9). Finally, the
basolateral K channel provides the electrochemical driving
force for apical Mg>* entering the DCT cells.

The patch clamp experiments have identified a 40-pS K
channel as the only type of K channel in the basolateral mem-
brane of DCT1 (10). It has been established generally that the
basolateral 40-pS K channel is a heterotetramer and composed
of KCNJ10 (Kir.4.1) and KCNJ16 (Kir5.1) (10-13). This is on

3The abbreviations used are: DCT, distal convoluted tubule; NCC, NaCl
cotransporter; SFK, Src family protein tyrosine kinase; I/V, voltage/current;
SeSAME, seizures, sensorineural deafness, ataxia, mental retardation,
and electrolyte imbalance; pS, picosiemens; pF, picofarads; CCD, cortical
collecting duct; PP1, 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,
4-d]-pyrimidine.
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the basis of the observations that expression of Kir.4.1 and
Kir.5.1 formed a 40-pS K channel, whereas expression of Kir.4.1
alone formed a 20-pS K channel, and expression of Kir5.1 failed
to produce a functional K channel (10, 14, 15). Although the
molecular nature of the basolateral K channels is established,
the regulatory mechanism of the basolateral K channels is
poorly understood. It has been demonstrated that the 40-pS K
channel in the DCT is inhibited by Mg " and pH-sensitive (10).
Because SFKs such as c-Src are highly expressed in the distal
nephron, including the DCT, and plays an important role in
regulating ROMK (Kirl.1) (16, 17), we suspect that SFKs may
also regulate the basolateral K channels. Therefore, the aim of
this study is to explore the role of SFK in regulating the baso-
lateral K channels in DCT1 and to determine the molecular
mechanisms of the effect of SFKs.

EXPERIMENTAL PROCEDURES

Preparation of DCT1—C57BL/6 mice (either sex, 4 — 6 weeks
old) were purchased from the Jackson Laboratory (Bar Harbor,
ME). The mice were fed with control diet and had free access to
water. After the mice were sacrificed by cervical dislocation, we
perfused the left kidney with 5 ml collagenase type 2 (1 mg/1 ml)
containing L-15 medium (Life Technology). The collagenase-
perfused kidney was removed, and the renal cortex was cut with
asharp razor. The renal cortex was further cut into small pieces
that were then incubated in collagenase-containing L-15
medium for 45— 60 min. After collagenase treatment, the tissue
was washed three times with L-15 medium and transferred to
an ice-cold chamber for dissection. Fig. 1A shows an isolated
tubule in which DCT is included. The experiments were per-
formed on DCT1, a nephron segment immediately adjacent to
the glomerulus (Fig. 1, B and C). The isolated DCT was trans-
ferred onto a 5 X 5-mm coverglass coated with polylysine
(Sigma) to immobilize the tubule, and the coverglass was placed
in a chamber mounted on an inverted microscope (Nikon). The
DCT was superfused with HEPES-buffered NaCl solution con-
taining 140 mm NaCl, 5 mm KCl, 1.8 mm MgCl,, 1.8 mm CaCl,,
and 10 mm HEPES (pH = 7.4) at room temperature.

Cell Culture and Transient Transfection—HEK293T cells
(ATCC) were used for transient expression of FLAG-tagged or
GFP-tagged KCNJ10 and GFP-tagged KCNJ16. The cells were
grown in DMEM (Invitrogen) supplemented with 10% FBS
(Invitrogen) in 5% CO, and 95% air at 37 °C. Cells were grown
to 50-70% confluence for transfection, and the corresponding
c¢DNAs were applied simultaneously to the cells using Turbo-
Fect transfection reagent (Fermentas). Briefly, a cDNA mixture
(0.5 ug of KCNJ10 for Kir4.1-transfected cells and 0.25 ug of
KCNJ10/0.25 pg of KCNJ16 for Kir4.1/5.1-transfected cells)
was diluted with 200 ul of serum-free DMEM and further
mixed with 4 ul of TurboFect transfection reagent for the trans-
fection of cells cultured in a 35-mm Petri dish. Cells transfected
with the vector alone were used as a control, and their back-
ground currents were subtracted from that of the experimental
groups. After 15 min of incubation at room temperature, the
mixture of the transfection agents was applied to the cells, fol-
lowed by an additional 24 h of incubation before use.

Liquid Chromatography and Mass Spectrometry—Proteins
were prepared for LC/MS analysis, and phosphopeptides were
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enriched as described previously (10). Capillary LC/MS was
performed on an Orbitrap Velos mass spectrometer (Thermo
Fisher Scientific) connected to a nanoAcquity UPLC (Waters,
Milford, MA). Liquid chromatography was performed at 35 °C
with a setup consisting of a commercially available 180 wm X
20 mm C, g nanoAcquity UPLC trap column and a BEH130C18
Waters symmetry 75-um inner diameter X 250 mm capillary
column packed with 5- and 1.7-um particles, respectively. Mass
spectrometry was performed with a spray voltage of 1.8 kV and
a capillary temperature of 270 °C. A top 10 higher collisional
energy dissociation method with one precursor survey scan
(300-1750 Da) and up to 10 tandem MS spectra was performed
with an isolation window of 2 Da and a normalized collision
energy of 40 eV. The resolving power (at m/z = 400) of the
Orbitrap was 30,000 for the precursor and 7500 for the frag-
ment ion spectra, respectively. Raw files from the Orbitrap were
processed with Mascot Distiller and searched in-house with
Mascot (v. 2.3.02) against the NCBInr_20110627 protein data-
base. The MASCOT search results were deposited in the Yale
Protein Expression Database (18).

Purification of FLAG-KCNJ10—Cells cultured in 10- mm Petri
dishes were transfected with 10 ug of pcDNA3-FLAG-KCNJ10
with TurboFect. After 24 h of incubation, the cells were treated
with 1 ml of 1% PBST lysis buffer with protease and phospha-
tase inhibitors, followed by centrifugation at 13,000 rpm for 20
min at 4 °C. The supernatant was saved at —80 °C for the pull-
down experiments in the next step. For harvesting FLAG-
tagged KCNJ10 in the sample, 80 ul of anti-FLAG affinity gel
(Sigma) was washed with PBS and added to the sample, and 4
pg of IgG conjugated beads were added to the sample as a con-
trol. The sample was gently rocked for 2 h at 4°C and then
subjected to centrifugation at 6000 rpm for 2 min to harvest
KCNJ10 proteins.

Preparation of Protein Samples—The cells were placed in a
lysis buffer containing 150 mm NaCl, 50 mm Tris HCI, 1% Non-
idet P-40 (pH 8.0), and protease inhibitor mixture (1%) (Sigma).
The prepared tissue was then homogenized and kept on ice for
an additional 30 min. The sample was subjected to centrifuga-
tion at 13,000 rpm for 8 min at 4 °C, and protein concentrations
were measured in duplicate using a Bio-Rad Dc protein assay
kit.

Immunoprecipitation and Western Blot Analysis—The cor-
responding antibodies were added to the protein samples (500
pg) harvested from cell cultures with a ratio of 4:1 mg/liter
protein. The mixture was gently rotated at 4 °C overnight, fol-
lowed by incubation with 25 ul of protein A/G plus agarose
(Santa Cruz Biotechnology, Santa Cruz, CA) for an additional
2 h at 4 °C. The tube containing the mixture was centrifuged at
3000 rpm, and the agarose bead pellets were mixed with 25 ul of
2X SDS sample buffer containing 4% SDS, 100 mm Tris-HCI
(pH 6.8), 20% glycerol, 200 mm DTT, and 0.2% bromphenol
blue. After boiling the sample for 5 min, the proteins were
resolved by electrophoresis on 8% SDS-polyacrylamide gels and
then transferred to nitrocellulose membranes. The membranes
were blocked with 5% nonfat dry milk in TBS and incubated
overnight with the primary antibody at 4 °C. The membrane
was then washed with 0.05% Tween 20-Tris-buffered saline
three times followed by incubation for 30 min with the respec-
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tive second antibody. After three washes, the membranes were
scanned by an Odyssey infrared imaging system (LI-COR) at a
wavelength of 680 or 800 nm.

Electrophysiology—Within 24 h after transfection, the cells
were treated with trypsin-containing medium (TrypleEcpress-
care) (Invitrogen) for 10 min to detach the cells. We followed
the method described previously to prepare the cells for the
patch clamp experiments (19). We carried out the perforated
whole-cell patch clamp experiments at room temperature. The
cells were incubated with a bath solution containing 140 mm
KCJ, 1.8 mm MgCl,, 1.8 mm CaCl,, and 10 mm HEPES (pH 7.4).
Fluorescence signal (an indication of positive transfection) was
detected with an intensified video imaging system, including a
SIT 68 camera (Long Island Industries). Borosilicate glass
(1.7-mm outer diameter) was used to make the patch clamp
pipettes that were pulled with a Narishege electrode puller. The
pipette had a resistance of 2—4 M() when filled with 140 mm
KCI. The tip of the pipette was filled with pipette solution con-
taining 140 mm KCl, 2 mm MgCl,, 1 mm EGTA, and 5 mm
HEPES (pH 7.4). The pipette was then backfilled with ampho-
tericin B (20 pg/0.1 ml) containing the pipette solution. After
forming a high-resistance seal (> 2 G(2), the membrane capac-
itance was monitored until the whole-cell patch configuration
was formed. The cell membrane capacitance was measured and
compensated. The K currents were measured by an Axon 200A
patch clamp amplifier. The currents were low pass-filtered at 1
kHz, digitized by an Axon interface (Digidata 1200), and data
were analyzed using the pClamp software system 9 (Axon).

The same patch clamp equipment described above was used
for the single-channel recording, and the pipette solution con-
tained 140 mm KCl, 1.8 mm MgCl,, 10 mm HEPES (pH = 7.4).
The currents were low pass-filtered at 1 kHz and digitized by an
Axon interface. Data were analyzed using the pClamp software
system 9 (Axon). Channel activity defined as NP, (a product of
channel number and open probability) was calculated from
data samples of 60-s duration in the steady state as follows:

NP, = D(t, +2t, +...... it;) (Eq. 1)
where t; is the fractional open time spent at each of the observed
current levels. The channel conductance was determined by
measuring the current amplitudes over several voltages. For the
calculation of channel numbers, we selected a channel record-
ing at least 10 min long. Because K current levels in HEK293T
cells transfected with KCNJ10 and KCNJ16 were less than 6 and
single-channel P was close to 0.5, the channel numbers could
be calculated by counting the highest K current levels in a
10-min single channel recording.

Biotinylation—The HEK293T cells were transfected with
FLAG-tagged KCNJ10 and GFP-tagged KCNJ16 for 24 h. The
cells were washed gently and incubated with 2 mg/ml EZ-Link
Sulfo-NHS-SS-Biotin in 1X PBS for 1 h at 4 °C. The biotin-
labeling was ended with 100 mm glycine in 1X PBS to absorb
the unbound biotin. The cells were washed twice with 1X TBS
and lysed with radioimmune precipitation assay buffer (100 mm
Tris-HCI (pH7.4), 150 mm NaCl, 1 mm EDTA, 0.1% SDS, 1%
Triton X-100, 1% sodium deoxycholate) in the presence of a
protease inhibitor mixture and phosphatase inhibitor I and II
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(Sigma). After centrifugation, the protein sample (100 wg in 20
wl) was mixed with 20 ul of immobilized NeutrAvidin™ gel in
500 ul of radioimmune precipitation assay buffer and placed on
a rocker overnight at 4 °C. The bead fraction was harvested,
mixed with 2X sample buffer, boiled for 5 min, and resolved by
electrophoresis. The biotin-labeled KCNJ10 was detected with
FLAG or KCNJ10 antibody. The surface expression of KCNJ10
was normalized by calculating the ratio between the surface and
the total expression of KCNJ10.

Experimental Materials and Statistics—Anti-tyrosine phos-
phorylation antibody (PY20), c-Src, and tubulin antibodies
were purchased from Santa Cruz Biotechnology. Antibodies for
KCNJ10, FLAG, GFP, and IgG were obtained from Sigma. All
chemicals, including PP1 (4-amino-5-(4-methylphenyl)-7-(¢-
butyl)pyrazolo[3,4-d]-pyrimidine) were purchased from Sigma.
Collagenase type 2 was purchased from Worthington (Lake-
wood, NJ). The data are presented as mean = S.E. We used
Student t’ test or one-way analysis of variance to determine
the statistical significance. p < 0.05 was considered to be
significant.

RESULTS

The patch clamp experiments were performed (140 mm
NaCl in the bath and 140 mm KCl in the pipette) in the basolat-
eral membrane of the isolated DCT1, which was determined by
its unique location next to the glomerulus (Fig. 1B). In 350
patches with high seal resistance (> 1 G(), we identified a
39.5 = 3 pS (n = 25) K channel in 178 patches. Moreover, this
type of K channel was the only type of K channel in the basolat-
eral membrane of the DCT1. Thus, we confirmed the previous
report that the 40 pS K channel was the main type of K channels
in the basolateral membrane of DCT1 (10). Fig. 2A is a typical
channel recording showing that the K channel activity was not
voltage-dependent between 0 and —60 mV and that the K chan-
nel current was typically inwardly rectifying. SFK has been
shown to play arole in regulating K channels, such as ROMK, in
the aldosterone-sensitive distal nephron (21, 22). To examine
whether SFK also regulates the basolateral 40-pS K channels in
the DCT1, we tested the effect of PP1, a specific inhibitor of SFK
(23), on the 40-pS K channels in the DCT1. Fig. 3 is a recording
showing that application of 100 nm PP1 inhibited the 40-pS K
channel. From the inspection of Fig. 3, it is apparent that the
inhibition of SFK not only reduced channel activity (NP_) from
2.9 = 04 to 0.2 = 0.1 (n = 10) but also decreased K current
amplitude, suggesting that inhibition of the 40-pS K channel
caused membrane depolarization. However, inhibition of SFK
did not alter channel conductance (supplemental Fig. S1). Fig.
2B is an I (current)/V (voltage) curve demonstrating that the
channel conductance was about 39.6 = 3 pS in the presence of
PP1. However, inhibition of SFK shifted the I/V curve to the left
(depolarization). The effect of PP1 was reversible because
washout restored the channel activity. Therefore, the results
support the role of SFK in stimulating basolateral K channel
activity.

After demonstrating that suppression of SFK inhibited the
40-pS K channel, we used perforated whole-cell recordings to
measure Ba®"-sensitive whole-cell K currents under control
conditions (without PP1) and in the presence of PP1. Because
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FIGURE 1. A, light microscope image showing an isolated DCT localized anatomically next to a thick ascending limb (TAL) and adjacent to the

glomerulus. B, patch clamp pipette attached on the basolateral membrane of DCT1. C, the same tubule as shown in B, demonstrating that a pipette was placed
on the basolateral membrane of DCT1.
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FIGURE 2. A, recording showing the activity of the basolateral 40-pS K channel in DCT1 at clamping potentials from 0 mV to —60 mV with a 20-mV step.
The experiments were performed in a cell-attached patch with 140 mm KCl in the patch pipette and 140 mm NaCl/5 mm KClin the bath. The channel closed level
(c) is indicated by a dotted line. B, 1/V curve obtained in the absence (Control, ®) and presence of PP1 (O).

we (data not shown) and others failed to detect any functional K ings under control conditions (without PP1) and in the pres-
channel activity in the apical membrane of DCT1 (8), the K  ence of 100 nm PP1 (lower panel). The whole-cell K currents in
currents measured with a perforated whole-cell recording in  DCT1 show a typical inwardly rectifying characteristic. More-
DCT1 cells should represent the whole population of basolat-  over, inhibition of SFK decreased the Ba>"-sensitive inward K
eral 40-pS K channels. Fig. 44 shows a set of whole-cell record-  currents at —60 mV from 1296 *+ 205pA (n = 10) under control
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FIGURE 3. A channel recording demonstrates the effect of SFK inhibitor (PP1) on the basolateral K channel activity in the DCT1. The top trace shows the
time course of the experiments, and three parts of the recording indicated by numbers are extended to show the fast time resolution. The channel closed level
(c)isindicated by a dotted line. The experiments were performed in a cell-attached patch with 140 mm NaCl/5 mm KClin the bath and 140 mm KCl in the pipette.
The shift of the base line in the top trace was induced by changing the bath solution.
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FIGURE 4. A, whole-cell recording showing the Ba®*-sensitive K currents measured with perforated patches under control conditions and in the
presence of 100 nm PP1, an SFK inhibitor. The bath solution and the pipette solution contained a symmetrical 140 mm KCI. B, bar graph summarizing the
results of experiments in which K currents were measured with perforated whole-cell patches at —60 mV under control conditions and in the presence of an
SFKinhibitor (100 nm PP1). #, significant difference. nA, nanoamperes. C, the Ba® " -sensitive K currents measured with the perforated whole-cell recording from
—160 mV to 40 mV under control conditions and in the presence of 100 nm PP1. DCT1 was bathed in a solution containing 140 mm NaCl/5 mm KCI, whereas the
pipette solution contained 140 mm KCl.

conditions to 330 = 144 pA (n = 8) (Fig. 4B). Therefore, the Because the 40-pS K channel is the only type of K channel
results obtained from the whole-cell recordings are consistent expressed in the basolateral membrane of DCT1, inhibition of
with the finding made in the single-channel recordings and the 40-pS K channel activity is expected to depolarize the cell
support the role of SFK in regulating basolateral K channels in membrane potential in DCT1. This hypothesis was confirmed
DCT1. by measuring the K reversal potential in DCT1 with ramp volt-
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age from —160 to 40 mV. Fig. 4Cis a recording showing the I/V
curve with 140 mm NaCl/5 mm KCl in the bath and 140 mm KCl
in the pipette. Under control conditions, the K reversal poten-
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FIGURE 5. Shown is a Western blot analysis demonstrating the tyrosine
phosphorylation of KCNJ10 in the absence or presence of ¢-Src. HEK293T
cells were transfected with FLAG-tagged KCNJ10 or KCNJ10 + ¢-Src. KCNJ10
proteins were harvested with FLAG antibody, and tyrosine-phosphorylated
KCNJ10 proteins were detected with PY20. The expression of KCNJ10 and
c-Src is shown in the two lower panels. IP, immunoprecipitation; /B,
immunoblot.
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tial was —65 = 5 mV, whereas inhibition of SFK with 100 nm
PP1 shifted the K reversal potential to —43 = 8 mV (n = 6). This
is consistent with the results reported in Fig. 2B in which inhi-
bition of SFP shifted the I/V curve to the right (depolarization)
about 20 mV. Hence, the results suggest that SFK plays an
important role in determining the basolateral 40-pS K channel
activity and the cell membrane potential in DCT1.

Immunostaining and electrophysiological studies have indi-
cated that KCNJ10 is an important component of the basolat-
eral K channels in the DCT (12, 15). Thus, we hypothesize that
SFK may regulate the basolateral K channels in DCT1 by phos-
phorylating KCNJ10. Thus, we used a tyrosine phosphorylation
antibody to examine whether c-Src phosphorylates KCNJ10.
KCNJ10 proteins were harvested in HEK293T cells transfected
with FLAG-tagged-KCNJ10 by immunoprecipitation of the cell
lysates with FLAG antibody. Tyrosine-phosphorylated KCNJ10
was detected with anti-tyrosine phosphorylation antibody
(PY20). Fig. 5 shows a Western blot analysis demonstrating that
KCNJ10 is a tyrosine-phosphorylated protein and that the
expression of c-Src increased tyrosine phosphorylation of
KCNJ10. We followed the methods described previously and
used mass spectrometry to identify phosphorylation sites of
KCNJ10 (24). We isolated FLAG-tagged KCNJ10 from
HEK293T cells, digested the protein with trypsin, and analyzed
the peptides with LC/MS. We observed significant peptides
that covered 25% of the protein sequence and unambiguously
identified two phosphotyrosine residues at positions 8 (Tyr®)
(supplemental Fig. S2) and 9 (Tyr”) in the amino terminus of
KCNJ10 (Fig. 6).

After demonstrating that KCNJ10 is a tyrosine-phosphory-
lated protein, we examined the role of tyrosine phosphorylation
in regulating KCNJ10 activity in HEK293T cells transfected
with WT or KCNJ10¥F. We detected a 19 = 1-pS K channel in
the cells transfected with WT KCNJ10 but not in the vector-
transfected cells (Fig. 7A). Thus, our finding is in agreement
with the report that the conductance of the basolateral K chan-
nel in DCT is about 20 pS in KCNJ16 knockout mice in whom
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FIGURE 6. LC/MS workflow for KCNJ10 phosphotyrosine identification. Immunoprecipitated KCNJ10 was digested with trypsin, and phosphopeptides
were enriched with titanium dioxide (TiO,) and identified with LC/MS. A representative annotated tandem MS spectrum and sequence coverage (y and b ions)
are shown for the KCNJ10 phosphopeptide VYYPSQTTQTESRPLM®*GPGIR (m/z = 794.03).
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FIGURE 7. A recording showing the representative K channel activity in HEK293T cells transfected with GFP-tagged KCNJ10 (A) or with KCNJ10Y*F (B).
The experiments were performed in a cell-attached patch with 140 mm KCl in the patch pipette and 140 mm NaCl/5 mm KClin the bath. The channel closed level
is indicated by a dotted line, and the clamping potential is indicated at the top of each trace. C, bar graph showing the total number of patches with channel
activity (gray bar) and without K channel actiwté/ (black bar) in cells transfected with WT or KCNJ10"%. D, bar graph showing the mean channel activity (NP,) in

cells transfected with WT (n = 23) or KCNJ10Y°" (n = 14).

four KCNJ10 monomers presumably form a homotetramer
(15). We also used perforated whole-cell recordings to measure
the Ba®" -sensitive K currents in the cells transfected with WT
or KCNJ10 mutants in which Tyr® (KCNJ10¥®), Tyr®
(KCNJ10¥°F), or Tyr®® (KCNJ10Y#°F) were each mutated to
phenylalanine. Fig. 84 shows a recording of a typical inwardly
rectifying K current with symmetrical 140 mm KCl solution in
the bath and pipette. It is apparent that the K currents in the
cells transfected with either KCNJ10Y°F or KCNJ10Y®/°F were
significantly lower than those with WT KCNJ10, whereas the
protein expression of KCNJ10Y°F and KCNJ10Y*°F was similar
to those of WT KCNJ10. The results summarized in Fig.
8B demonstrate that K currents in cells transfected with
KCNJ10¥?F and KCNJ10¥*°F were 57 + 14 pA/pF and 80 *+ 20
pA/pFE (n = 6), a value significantly lower than in those trans-
fected with WT KCNJ10 (290 = 40 pA/pF, n = 6). The muta-
tion of the Tyr’-induced decrease in whole-cell K currents was
specific because of the K currents measured in the cells trans-
fected with KCNJ10¥®F (270 + 40 pA/pE, n = 6). KCNJ10Y5F
(295 + 42 pA/pF, n = 6) and KCNJ10¥**F (310 + 50 pA/PF,
n = 6) were similar to those of WT K channels (supplemental
Fig. S3 and Fig. 8B).

To examine whether the mutation of the Tyr’-induced
decrease in K currents was due to diminishing K channel con-
ductance or channel activity (NP_), we examined the K channel
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activity in the cells transfected with WT or KCNJ10¥*F. The
mutation of Tyr® did not significantly affect K channel conduc-
tance (18.5 = 1 pS) in comparison to that of the WT (Fig. 7B),
but it significantly decreased the probability of finding the
19-pS K channels in the KCNJ10Y*"-transfected cells. We
observed 19-pS K channels in WT KCNJ10-transfected cells in
23 of 41 total patches (56%), whereas this K channel was only
observed in 14 of 45 total patches (31%) in cells transfected with
KCNJ10¥°F (Fig. 7C). Moreover, the mean NP, per patch with
the 19-pS K channel was also significantly lowered (1.0 * 0.15)
in cells transfected with KCNJ10Y°F than in those with the WT
KCNJ10((1.59 = 0.1) (Fig. 7D). Thus, the decrease in K currents
of cells transfected with KCNJ10¥°F was possibly induced by
decreasing the channel open probability and reducing the num-
ber of active K channels in the plasma membrane.

To test the role of Tyr® phosphorylation in the regulation of
the basolateral K channel in the DCT, we extended the study by
examining the channel activity in cells transfected with
KCNJ10 + KCNJ16 because the basolateral K channel in the
native DCT is a heterotetramer of Kir4.1/Kir5.1 (10). Fig. 9
shows a single-channel recording in HEK293T cells transfected
with KCNJ10/KCNJ16 or KCNJ10Y?*/KCNJ16. The experi-
ments were performed in cell-attached patches with 140 mm
NaCl/5 mm KCl in the bath and 140 mm KCl in the pipette. We
confirmed a previous report that coexpression of KCNJ10 and
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FIGURE 8., a set of recordings showing K currents measured with the perforated whole-cell recording in HEK293T cells transfected with WT KCNJ10
and KCNJ10 mutants. The pipette solution and the bath solution contained a symmetrical 140 mm KCl, and the K currents were measured from —60 to 60 mV
at20-mV steps (the protocol of the voltage clamp is included). Also shown are Western blot analyses showing the expression of KCNJ10 and its mutants (bottom
panel). A Western blot analysis of a-tubulin was used as a loading control. /B, immunoblot. B, bar graph summarizing the results of experiments in which
Ba®"-sensitive K currents were measured at —60 mV with a perforated whole-cell recording in the cells transfected with KCNJ10 or the mutant.
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FIGURE 9. A recording showing the representative K channel activity in HEK293T cells transfected with FLAG-tagged KCNJ10 and GFP-tagged KCNJ16
(left panel) or with KCNJ10Y°F and KCNJ16 (right panel). The experiments were performed in a cell-attached patch with 140 mm KCl in the patch pipette and

140 mm NaCl/5 mm KCl in the bath. The channel closed level is indicated by a dotted line, and the clamping potential is indicated at the top of the each trace. A
short bar indicates each K channel level.

KCNJ16 formed a 40-pS K channels (10). Fig. 104 shows an I/V
curve of WT and the mutant heterotetramer (KCNJ10¥°F +
KCNJ16). It is apparent that the mutation of Tyr® did not affect
single K channel conductance. Moreover, the analysis of the
single-channel recording in those patches with K channel activ-
ity showed that the mean channel open probability (P,) in the
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cells transfected with KCNJ10Y°F + KCNJ16 (0.55 + 0.1, n = 5)
was not significantly lower than those with WT K channels
(0.75 £ 0.1, n = 6) (Fig. 10B). However, as observed in the cells
transfected with KCNJ10 alone, the probability of finding the
40-pS K channel in KCNJ10¥°F + KCNJ16-transfected cells was
lower than in those with KCNJ10 + KCNJ16. We observed a
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FIGURE 10. A, I/V curve obtained in the cells transfected with FLAG-tagged KCNJ10 and GFP-tagged KCNJ16 (®) or with KCNJ10Y°F and KCNJ16 (O). B,
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KCNJ16. D, mean channel number per patch in the cells transfected with KCNJ10/KCNJ16 or KCNJ10Y9F/KCNJ16.

40-pS K channel in WT heterotetramer-transfected cells in 13
of 26 total patches (50%), whereas this K channel was only
observed in 9 of 33 total patches (27%) in the cells transfected
with KCNJ10°F + KCNJ16 (Fig. 10C). Thus, the mean number
per patch in the cells transfected with KCNJ10 + KCNJ16
(1.8 = 0.4, n = 26) was significantly higher than in those with
the mutant (0.8 £ 0.25, n = 33). The whole-cell K currents in
the cells transfected with KCNJ10¥F + KCNJ16 (161 * 12
pA/pF) were also significantly lower than in those with WT K
channels (440 = 30 pA/pF, n = 7) (Fig. 11A). The notion that
the mutation of Tyr” of KCNJ10 decreased the functional K
channel number in the plasma membrane is also supported by
biotin surface labeling. Fig. 11B shows a Western blot analysis
showing the expression of KCNJ10 in the plasma membrane of
the cells transfected with FLAG-tagged KCNJ10 and GFP-
tagged KCNJ16. Although the total expression of KCNJ10 and
KCNJ16 was similar in WT or in the mutant-transfected cells,
the expression of KCNJ10 in the plasma membrane of the
mutant-transfected cells was lower than those in WT hetero-
tetramer-transfected cells. In four such experiments, the nor-
malized surface expression of KCNJ10 in cells transfected with
mutant Kir4.1/5.1 was only 40 = 8% (p < 0.05) of those
with WT K channels (data were normalized in comparison with
tubulin). Thus, a Tyr® mutation-induced decrease in K channel
activity results, at least partially, from a decrease in K channel
number in the plasma membrane.

DISCUSSION

This study confirmed the previous finding that the inwardly
rectifying 40-pS K channel is the only type of K channel
expressed in the basolateral membrane of DCT1(10). The baso-
lateral K channels in DCT1 are responsible for maintaining K
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recycling across the basolateral membrane and participate in
generating cell membrane potential, which provides the driving
force for Cl exit across the basolateral membrane. Thus, it is
conceivable that basolateral K channel activity should play a
role in regulating transepithelial Cl movement in the DCT1 so
that a high basolateral K channel activity stimulates ClI secre-
tion, whereas a low basolateral K channel activity inhibits it.
Relevant to this notion is the observation that inhibition of
basolateral membrane K conductance decreased the short-cir-
cuit current and the net rate of transepithelial Cl movement in
the airway epithelium (25). Because the intracellular Cl concen-
tration has been shown to affect Na-coupled Cl transporters
(26), it is possible that basolateral K channel activity may also
regulate NCC activity through altering the intracellular Cl lev-
els in the DCT. Hence, the basolateral K channels are critically
involved in the maintenance of the trans-epithelial transport in
the DCT.

Three lines of evidence indicate that SFK plays an important
role in regulating the basolateral 40-pS K channels. First, the
inhibition of SFK decreased the 40-pS K channel activity
defined by NP_. Second, inhibition of SFK reduced the whole-
cell Ba>"-sensitive K currents in DCT1. Because no functional
apical K channel activity was detected in DCT1, a decrease in
the whole-cell K currents induced by inhibiting SFK must be
the result of inhibiting the basolateral K channels. Third, inhib-
iting SFK shifted the K reversal potential of DCT1 from —65
mV to —43 mV, an indication of membrane depolarization.
This is consistent with the notion that the basolateral 40-pS K
channel is the main K channel type in DCT1. Thus, SFK-medi-
ated regulation of the 40-pS K channel plays an important role
in determining membrane potential in DCT1. In contrast to the
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FIGURE 11. A, whole-cell recording showing the Ba®>*-sensitive K currents measured from —60 to 60 mV in the cells transfected with KCNJ10/KCNJ16
or KCNJ10Y°F/KCNJ16. The results are summarized in a bar graph (bottom panel). B, Western blotting demonstrating the expression of biotin-labeled KCNJ10,
total KCNJ10, KCNJ16, and a-tubulin in HEK293T cells transfected with FLAG-tagged KCNJ10/mutant and GFP-tagged KCNJ16. The number of experiments was

four. IP, immunoprecipitation; /B, immunoblot.

effect of SFK on the basolateral 40-pS K channels in DCT1, SFK
has been shown to inhibit ROMK channels in the CCD (16,
27-29). This effect on ROMK is achieved through direct phos-
phorylation and by abolishing the stimulatory effect of serum
glucocorticoid-inducible kinase 1 (SGK1) on with-no-lysine (K)
kinase 4 (WNK4), which inhibits ROMK (16, 19, 30). We spec-
ulate that the different responses of ROMK and basolateral
40-pS K channels to SFK may play a role in regulating renal K
secretion. For instance, a high K intake has been shown to sup-
press the expression of SFK in the kidney (31). A decrease in
SFK activity in the DCT1 is expected to inhibit basolateral
40-pS K channels, thereby depolarizing cell membrane poten-
tial. A depolarization in the basolateral membrane should lead
to a decrease in the driving force for Cl exit in the basolateral
membrane, thereby inhibiting the interaction between WNK
and Ste20-related proline/alanine-rich kinase (SPAK) (26),
which is required for the activation of the NCC (32, 33). Hence,
a decrease in basolateral K channel activity should inhibit Na
absorption and increase Na delivery to the connecting tubule
and the CCD. Accordingly, it stimulates K secretion in the con-
necting tubule/CCD. On the other hand, the down-regulation
of SFK activity induced by high K intake is expected to stimulate
ROMK channels (34). Thus, SFK may function to synchronize
apical ROMK channel activity in the connecting tubule/CCD
and basolateral 40-pS K channels in the DCT to stimulate renal
K secretion.

A large body of evidence indicates that the basolateral 40-pS
K channel is composed of KCNJ10 and KCNJ16, which form a
heterotetramer in the basolateral membrane of the DCT (10,
11, 13). First, Kir4.1 and Kir5.1 proteins are highly expressed in
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the basolateral membrane of the DCT (10, 12). Second, coex-
pression of Kir4.1 and Kir5.1 in HEK293 cells (35) and in Xeno-
pus oocytes (14) formed a K channel sharing the biophysical
properties of the basolateral 40-pS K channel in the DCT. We
also showed that coexpression of KCNJ10 and KCNJ16 formed
a40-pS K channel. Third, an immunostaining study has shown
that both Kir4.1 and the calcium-sensing receptor were colo-
calized in the basolateral membrane of the DCT (36). The sig-
nificance of Kir4.1 in regulating membrane transport in the
DCT is demonstrated in patients with SeSAME or EAST
(epilepsy, ataxia, sensorineural deafness, and tubulopathy) syn-
drome, characterized by seizures, sensorineural deafness,
ataxia, mental retardation, and electrolyte imbalance (15,33).
The renal phenotypes of SeSAME syndrome are hypokal-
emia, metabolic alkalosis and hypomagnesemia(37). Hypo-
magnesemia should be the result of the decrease in the driving
force for Mg ™" entry across the apical membrane because of the
depolarization of the DCT, whereas hypokalemia results from
compromised NCC activity induced by the diminished Cl exit
across the basolateral membrane. Consequently, delivery of
NaCl to both the connecting tubule and the CCD is increased,
and it leads to enhanced Na absorption at the expense of
increased K secretion.

The observation that KCNJ10 is phosphorylated by SFK sug-
gests that the stimulatory effect of SFK on the basolateral 40-pS
K channel is achieved, at least in part, by phosphorylation of
KCNJ10 at Tyr®. Although LS/MS analysis identified the phos-
phorylation of KCNJ10 at Tyr® and Tyr?, two lines of evidence
suggest that phosphorylation of Tyr” is essential for the effect of
SFK on the basolateral 40-pS K channels. First, mutation of
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Tyr® decreased K currents in the cells transfected with KCNJ10
alone or KCNJ10 + KCNJ16. Second, the probability of finding
KCNJ10 was significantly lower in cells transfected with
KCNJ10¥°F than those with WT KCNJ10. Furthermore, the
effect of SFK on the basolateral 40-pS K channel is, at least in
part, achieved by increasing surface K channel expression. This
conclusion is supported by the observation that the surface
expression of KCNJ10 is significantly lower in cells transfected
with KCNJ10Y°F than those with the WT. However, it is also
possible that mutation of Tyr® of KCNJ10 may also have a
minor effect on the channel open probability.

Although the role of SFK in stimulating basolateral K chan-
nels in the DCT1 was established, the physiological stimuli that
activate SFK and regulate the basolateral K channels are not
known. Angiotensin II has been shown not only to play an
important role in regulating the NCC in the DCT but also to
stimulate SFK activity (20, 38). Therefore, it is possible that
angiotensin II may stimulate the basolateral K channel activity
by an SFK-dependent pathway. Further experiments are
required to test this hypothesis. In conclusion, the basolateral
40-pS K channel is phosphorylated by SFK and Tyr® of KCNJ10
and is one of the important sites that regulate the basolateral K
channel activity in DCT1.
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