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With-no-lysine kinase 4 (WNK4) inhibits the activity of the potas-
sium channel KCNJ1 (ROMK) in the distal nephron, thereby contrib-
uting to the maintenance of potassium homeostasis. This effect is
inhibited via phosphorylation at Ser1196 by serum/glucocorticoid-
induced kinase 1 (SGK1), and this inhibition is attenuated by the Src-
family protein tyrosine kinase (SFK). Using Western blot and mass
spectrometry, we now identify three sites in WNK4 that are
phosphorylated by c-Src: Tyr'%2, Tyr'%, and Tyr''*3, and show that
both ¢-Src and protein tyrosine phosphatase type 1D (PTP-1D) coim-
munoprecipitate with WNK4. Mutation of Tyr'%? or Tyr'3 to phe-
nylalanine decreased the association of ¢-Src or PTP-1D with WNK4,
respectively. Moreover, the Tyr1092Phe mutation markedly reduced
ROMK inhibition by WNK4; this inhibition was completely absent
in the double mutant WNK4Y'%92/1994F gimijlarly, c-Src prevented
SGK1-induced phosphorylation of WNK4 at Ser''%6, an effect that
was abrogated in the double mutant. WNK4Y'"*3F inhibited ROMK
activity as potently as wild-type (WT) WNK4, but unlike WT, the
inhibitory effect of WNK4Y'"*3F could not be reversed by SGK1.
The failure to reverse WNK4Y'"**F.induced inhibition of ROMK by
SGK1 was possibly due to enhancing endogenous SFK effect on
WNK4 by decreasing the WNK4-PTP-1D association because inhi-
bition of SFK enabled SGK1 to reverse WNK4"Y""***.induced inhibi-
tion of ROMK. We conclude that WNK4 is a substrate of SFKs and
that the association of c-Src and PTP-1D with WNK4 at Tyr'%? and
Tyr'"*3 plays an important role in modulating the inhibitory effect of
WNK4 on ROMK.
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With-no-lysine kinase 4 (WNK4) is expressed in the con-
necting tubule (CNT) and cortical collecting duct (CCD)
(1, 2) and plays an important role in modulating the balance
between renal K secretion and Na reabsorption (3-8). The effect
of WNK4 on renal K secretion is partially mediated through
inhibition of KCNJ1 (ROMK) channels in the CNT and in the
CCD. ROMK inhibition is achieved by a stimulation of clathrin-
mediated endocytosis (1), an effect that is dependent on intersectin,
a scaffold protein containing two Eps15 homology domains (9).
Serum/glucocorticoid-induced kinase 1 (SGK1), a downstream
mediator of aldosterone signaling, suppresses the inhibitory ef-
fect of WNK4 on ROMK channels through phosphorylation of
WNK4 at Ser''®? (2) and Ser''”° (5). Both volume depletion
and high K intake increase aldosterone and SGK1 levels (10).
However, it is not clear why a high K intake or volume depletion
modulates differently the effect of SGK1 on ROMK channels.
Candidate regulators of differential ROMK expression in hy-
perkalemia and hypovolemia should be regulated in a potassium-
dependent manner. One such protein is the protein tyrosine kinase
c-Src, whose expression in renal cortex is reduced in states of high
potassium intake (11). We have previously demonstrated a key role
of c-Src in determining the effect of SGK1 on WNK4 (12). C-Src
abolishes SGK1-induced phosphorylation of WNK4 and restores
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the inhibitory effect of WNK4 on ROMK channels in the presence
of SGK1 (13). This effect may play a role in preventing K secretion
in the absence of hyperkalemia. High potassium intake, in contrast,
will diminish c-Src levels, restore SGK1-induced phosphorylation
of WNK4, and lead to increased renal potassium secretion
via ROMK.

Whereas protein phosphatase activity has been shown to be in-
volved in c-Src-mediated modulation of the interaction between
SGK1 and WNK4 (13), the molecular mechanism of c-Src’s in-
teraction with WNK4 has been elusive. We here identify previously
undescribed tyrosine phosphorylation sites in WNK4 that are tar-
gets of c-Src. We characterize the effects of tyrosine phosphoryla-
tion on the SGK1-WNK4 interaction, as well as WNK4-mediated
ROMK inhibition.

Results

c-Src Restores WNK4 Inhibition of ROMK by Reducing SGK1 Phos-
phorylation. We confirmed the previous finding that WNK4
inhibited ROMK channels (12) and observed that WNK-induced
inhibition was reversed by SGK1 and restored by c-Src (Fig. S1).
Because c-Src could inhibit ROMK channels by a direct
phosphorylation of Tyr**’, we repeated the experiments with
ROMK™*** mutant (R1Y**’%) in which Tyr*>” was mutated to phe-
nylalanine to prevent direct tyrosine phosphorylation by c-Src
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Fig. 1. SFK restores the inhibitory effect of WNK4 on ROMK by modulating
SGK1-induced WNK4 phosphorylation. The bar graph summarizes exper-
iments in which K currents were measured at —100 mV with the perforated
whole-cell recording in HEK cells transfected with ROMK1Y**’A and other
constructs including WNK4/WNK45116%1196D sGK1, and c-Src. K currents are
presented as pA/25 pF. The cells were incubated with a bath solution con-
taining 140 mM KCl, 0.5 mM MgCl,, 1.5 mM CaCl,, and 10 mM Hepes
(pH 7.4), and the pipette solution was composed of 140 mM KCl, 2 mM
MqgCl,, 1 mM EGTA, and 5 mM Hepes (pH 7.4).

(14). Fig. 1 demonstrates the results of experiments in which K
currents at —100 mV were measured with the perforated whole-
cell mode in HEK293 cells transfected with R1Y**’ and dif-
ferent combinations of SGK1, c-Src, and WNK4.

As observed with WT ROMK, WNK4 inhibits R1¥>*"*
channel activity; this inhibition is reversed by expression of SGK1
and restored by addition of c-Src (Fig. 1, Left). To test whether the
restoration of inhibition was due to a reduction of SGK1-induced
WNK4 phosphorylation, we mutated the two known SGK1
phosphorylation sites in WNK4 to aspartate, mimicking constitu-
tive SGK1 phosphorylation (WNK45!1691196Dy (Rig 1 Right).
WNK4SHOIND ogt- inhibition of ROMK without addition of
SGK1 (R1¥*¥7* alone 1,790 + 50 pA and R1Y*¥* 4 WNK45!1691196D
2,280 = 60 pA). Moreover, c-Src did not restore inhibition of
ROMK channels in the presence of WNK43!1¢119P (3990 4
50 pA) (n = 6). These results are consistent with a model in which
c-Src restores WNK4’s inhibition of ROMK channels by de-
creasing the phosphorylation at residues 1169 and 1196, which is
induced by SGKI1 (see below).

c-Src Directly Phosphorylates WNK4 Tyrosine Residues. These find-
ings raise the possibility that c-Src might directly phosphorylate
WNK4. Motif-based predictions show at least 10 potential c-Src
phosphorylation sites on WNK4, and we identified three potential
c-Src phosphorylation sites, Tyr'%2, Tyr'®?, and Tyr''** in mouse
WNK4 (Fig. 24). These three Tyr residues are conserved among
human, mouse, and rat orthologs and are in proximity to the sites of
SGKI1 phosphorylation. To examine whether c-Src phosphorylates
WNK4, we cotransfected HEK293 cells with flag-tagged
WNK4 (f-WNK4) and c-Src and harvested WNK4 proteins by
immunoprecipitation (IP) of cell lysates with a flag antibody.
Tyrosine-phosphorylated WNK4 was detected with an anti-
phosphotyrosine antibody (PY20). Fig. 2B shows a Western blot
demonstrating that coexpression of c-Src dramatically increased
tyrosine phosphorylation of WNK4 without affecting WNK4 ex-
pression levels. We mutated each of the putative c-Src phosphor-
ylation sites to phenylalanine and examined the effect on overall

osine phosphorylation of WNK4 (Fig. 2C). Tyrosine phosphor-
}tf}lztion olg W£K4gm92F, WNK4Y”’9‘S:, (g)r Wl)\IKZ{{ H43F \E/as sli)gnif-
icantly lower (50 + 10%, 52 + 10% and 47 + 10% of the control
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value, respectively) than that of WT' WNK4 (n = 5) (Fig. 2D).
Moreover, a combined mutation of Tyr1092, 1094, and 1143 to
phenylalanine decreased tyrosine phosphorylation level of WNK4
by over 75% (Fig. S2). These results strongly suggest that Tyr'*?,
Tyr'®*, and Tyr'™* are phosphorylated by c-Src and that they are
the major sites for the c-Src-induced phosphorylation of WNK4.
We next used established methods with LC-MS analysis to
identify the phosphorylation sites in WNK (15). We expressed
WNK4 alone in HEK cells in media containing *C-lysine and
12CN-arginine or coexpressed WNK4 and c-Src in cells in me-
dia containing '*C-lysine and '*C'°N-arginine. We isolated
WNK4 via IP from the cells cotransfected with c-Src and HA-
tagged WNK4 (Fig. S34). WNK4 proteins were resolved on
SDS/PAGE, cut from the gel, and digested with trypsin. Phos-
phopeptide fractions were obtained via TiO, enrichment and
subjected to LC-MS analysis. The phosphopeptide EIEDLY SR
(m/z = 552.73*%) was unambiguously identified from the phos-
phopeptide-containing fractions and confirmed phosphorylation
at Tyr''* in WNK4 (Fig. S3B). We performed a separate experi-
ment in which phosphotyrosine peptides were enriched via immo-
bilized antiphosphotyrosine antibodies and subjected to LC-MS
analysis. We again observed the phosphopeptide EIEDLY"SR and
thus provided additional confirmation of tyrosine phosphorylation.
We next sought to show a quantitative increase in WNK4 phos-
phorylation in the presence of c-Src. We ex;z)ressed WNK4 alone
in HEK cells cultured in media containing *C-lysine and *C'*N-
arginine or coexpressed WNK4 and c-Src in cells cultured in media
containing "*C-lysine and '*C'*N-arginine (15). This stable isotope
labeling by amino acids in cell culture (SILAC) approach allowed
us to isolate WNK4 with or without c-Src, mix the proteins 1:1,
and directly compare phosphorylation at Tyr''** (Fig. S30).
Consistent with kinase activity, we saw a marked increase in
WNK4 phosphorylation at Tyr''*? in the presence of c-Src and
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Fig. 2. SFK phosphorylates WNK4. (A) Amino acid sequence of mouse WNK4
between residues 1090 and 1150 showing three putative tyrosine phosphor-
ylation sites—Tyr'%2, Tyr'%4 and Tyr'3 (bold font). (B) Western blot shows
that expression of c-Src increases tyrosine phosphorylation of WNK4 in
HEK?293T cells transfected with flag-tagged WNK4 (f-WNK4) and c¢-Src. WNK4
was harvested by immunoprecipitation of the cell lysates with a flag antibody
and tyrosine phosphorylated WNK4 was detected with PY20 (Top band). The
Middle and Low bands demonstrate the expression of WNK4 and c-Src, re-
spectively. (C) Western blot shows tyrosine phosphorylation of WNK4 and
WNK4 mutants (WNK4Y'992F, \WNK4Y'%%F and WNK4Y"'%F) in the absence or
presence of c-Src. (D) Bar graph shows the results of densitometric analysis
regarding tyrosine phosphorylation of WNK4/mutants in the presence of c-Src.
* indicates the significant difference from the control.
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simultaneously observed a stoichiometric decrease in the non-
phosphopeptide EIEDLYSR. However, we were not able to identify
two additional phosphotyrosine sites (Tyr'®? and Tyr'**) with our
phosphoproteomic approaches. Possibly, these tyrosine residues
were localized in a region of WNK4 predicted to be replete in
tryptic peptides and thus not accessible with phosphoproteomic
approaches. This notion was supported by the fact that we did
not observe any peptides in a region of WNK4 spanning residues
1072-1122 in our phosphoproteomic analysis. However, Western
blots with phosphotyrosine antibody showed strong evidence of
tyrosine phosphorylation of WNK4 at positions 1092, 1094, and
1143. Thus, we then aimed to identify potential functional effects
of tyrosine phosphorylation at the residues identified.

c-Src Binds to WNK4 Tyr'®2, The first phosphorylated tyrosine res-
idue identified (position 1092) is expected to provide a binding site
for c-Src through its SH2 domain because amino acid at +2 po-
sition of Tyr'%” is also a tyrosine residue that has been shown to
enhance c-Src binding by twofold (16, 17). We expressed f-WNK4
and c-Src, immunoprecipitated cell lysates with an anti—c-Src an-
tibody, and subjected resulting proteins to Western blotting for
f-WNK4 with an antiflag antibody. Whereas WT WNK4 was con-
sistently coimmunoprecipitated with c-Src (Fig. 34), WNK4Y!%%2F
was much less efficiently immunoprecipitated with c-Src (70 +
10% reduction; n = 4; Fi% 3B). In contrast, the association
between c-Src and WNK4 Y1994 or WNK4Y'*3F was similar
to that of WT WNK4, suggesting c-Src binding to WNK4 in-
volves Tyr'%2,

Phosphorylation of Tyr'*® by c-Src Modulates the Inhibitory Effect of
WNK4 on ROMK. We next tested whether the association between
c-Src and WNK4 played a role in mediating WNK4’s inhibition of
ROMK channels. We measured Ba**-sensitive K currents at =100 mV
with the perforated whole-cell recording technique in cells trans-
fected with R1¥**" and WT or mutant WNK4 (WNK4Y'%%F
WNK4Y194F " or WNK4Y!'O¥109F, Big 44). Consistent with pre-
vious results (12), expression of WT WNK4 decreased K currents
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Fig. 4. Mutation of Tyr'? and Tyr'°* abolishes the effect of WNK4 on
ROMK. (A) Bar graph summarizes experiments in which K currents were
measured at —100 mV with the perforated whole-cell recording in HEK cells
transfected with ROMK1Y337A and WNK4/WNK4 mutants (WNK4Y'094F,
WNK4Y109%F and WNK4Y1092/1094F) 'k currents are presented as pA/25 pF. The
cells were incubated with a bath solution containing 140 mM KCl, 0.5 mM
MgCl,, 1.5 mM CaCl,, and 10 mM Hepes (pH 7.4) and the pipette solution
contained 140 mM KCl, 2 mM MgCl,, 1 mM EGTA, and 5 mM Hepes (pH 7.4).
(B) Western blot demonstrates tyrosine phosphorylation of WNK4 and
WNKY1092/1094F i the absence or presence of c-Src. The WNK proteins were
enriched by immunoprecipitation with Flag antibody, and tyrosine-phos-
phorylated WNK4 was detected with PY20.

from 1,750 + 50 pA to 820 + 30 pA (n = 10). However, expression
of WNK4Y1%2F Jargely abolished the inhibitory effect of WNK4
on ROMK (K current 1,500 + 30 pA; n = 6). In contrast, expression
of WNK4Y'%*F till inhibited ROMK channels and decreased
K currents to 950 + 20 pA (n = 6). Mutation of both Tyr'®? and
Tyr'%* to phenylalanine completely abolished WNK4’s inhibition
of ROMK channels (1,740 + 40 pA). This observation suggests
that phosphorylation of Tyr'®? by c-Src plays a major role in
modulating the inhibitory effect of WNK4 on ROMK, whereas
the phosphorylation of Tyr'®* is less important, but works syn-
ergistically. Moreover, Western blot showed that the tyrosine
phosphorylation level of WNKY92104F a5 60 + 10% lower than
that of WT WNK4 (1 = 4) (Fig. 4B). This suggests that Tyr'*? and
1094 are two important sites for c-Src—mediated tyrosine
phosphorylation of WNK4 and play a key role in modulating
WNK#’s inhibition of ROMK channels.

Phosphorylation at Tyr'%? and Tyr'%* Is Required for c-Src-Induced

Restoration of WNK4's ROMK Inhibition. We examined the effect of
WNK4 on ROMK channels in cells transfected with R1Y3374,
SGK1, c-Src, and WNK4 Y109/1094F - yye again measured Ba?*-
sensitive K currents at —100 mV (Fig. 54). c-Src failed to restore
the inhibitory effect of WNK4 on ROMK channels in cells
transfected with WNK4Y1992/1994F (K currents were 2,420 + 60 pA
(n = 6) in cells transfected with c-Src, R1Y**’ SGK1, and
WNK4 Y1092109%F 5 value similar to the 2,440 + 60 pPA without
c-Src). However, the additional mutation of WNK4 Ser''®® to al-
anine restored WNK4’s inhibitory effect on ROMK channels and
decreased K currents to 850 + 30 pA (n = 6). The results are
consistent with the notion that c-Src acts at least in part by reducing
phosphorylation at WNK4 Ser1196 (14), and that this effect is lost
in the WNK4Y!92109F myutant, This notion is confirmed by direct
measurement of phosphorylation at this site with an antibody
specific for phosphorylation at WNK4 S1196 (Fig. 5 B and C). As
reported previously, SGK1 increases phosphorylation at Ser1196 in
WT WNK4 (13), and this phosphorylation is inhibited by coex-
pression of c-Src. Further, basal phosphorylation at Ser1196 is
higher in the WNK4Y1%21094F mytant, and this phosphorylation is
not significantly reduced by addition of c-Src.
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WNK4Y'"43F prevents SGK1-Induced Reversion of WNK4's ROMK
Inhibition,. WNK4Y"4F iphibited ROMK channels as potently
as WT WNK4 (Fig. 6; K currents reduced from 1,780 + 50 pA to
780 + 30 pA; n = 7). However, whereas SGK1 reverses the in-
hibitory effect of WT WNK4 on ROMK, SGK1 failed to reverse
the inhibitory effect of WNK4Y!'*3F on ROMK channels (K
current 800 + 30 pA, n = 6). Interestingly, pharmacologic in-
hibition of endogenous SFK with PP1 (1 pM) can reverse this
inhibition (K currents increased to 1,560 + 30 pA; n = 6) in cells
transfected with WNK4Y''**F 4 SGK1. These findings are con-
sistent with the possibility that SGK1 normally reverses WNK4’s
inhibition of ROMK via an effect that requires WNK4Y!143,

PTP-1D Interacts with WNK4 via Tyr''*® to Reduce the Inhibitory Effect
of SFK on ROMK. We reasoned that protein tyrosine phosphatases
(PTPs) might play a role in the c-Src—-SGK1-WNK4 interaction.
In particular, if Tyr''*® represented a binding site for PTPs,
mutation of Tyr!'* might inhibit PTP binding and activity,
thereby enhancing SFK effects. This hypothesis was tested by
FLAG immunoprecipitation from cells transfected with flag-
tagged WNKA4. Fig. 74 shows a Western blot demonstrating that
PTP-1D was coimmunoprecipitated with WNK4, indicating an
interaction of these two proteins. Mutation of Tyr''** to phe-
nylalanine diminished this interaction, whereas the same sub-
stitution at Tyr1092 or Tyr1094 had no effect on PTP-1D binding
(Fig. 7B). Moreover, the association between WNK4 and PTP-
1D was significantly decreased by 60 + 10% (n = 4) in c-Src
cotransfected cells, suggesting c-Src competed with PTP-1D for
WNK4 binding (Fig. 7C).

Discussion

WNK family kinases play an important role in regulating renal K
secretion through modulating Na delivery to the distal nephron
and regulating apical K-secretory channels (4, 6, 18-20). WNK1,
WNK3, and WNK4 have been shown to inhibit ROMK channels
(1, 19, 20) and the inhibitory effect of WNK4 is achieved by
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stimulating clathrin-dependent endocytosis (1, 21). The in-
hibitory effect of WNKI1 is blocked by a kidney-specific splice
form of WNKI1 (KS-WNK1) (7, 8, 22), in which an alternative
5’ exon replaces the first four exons of WNKI1 (23). Because
expression of KS-WNKI1 is modulated by a dietary K intake,
interaction between WNK1 and KS-WNKI1 may play a role in
regulating ROMK channels and renal K secretion (22). The in-
hibitory effect of WNK4 is also blocked by SGK1, which phos-
phorylates WNK4 at Ser''® and Ser''?® (2, 5), thereby switching
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Fig. 6. SGKT1 reverses the inhibitory effect of WNK4 but fails to abolish the
effect of WNK4"""43F on ROMK. Bar graph summarizes experiments in which
K currents were measured at —100 mV with the perforated whole-cell re-
cording in HEK cells transfected with R1Y3374, SGK1, and WNK4/WNK4""143F
in the presence of SFK inhibitor (1 pM PP1).
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Fig. 7. WNK4 is associated with protein tyrosine phosphatase type 1D
(PTP-1D). (A) Western blot shows that PTP-1D is pulled down by immuno-
precipitation with flag antibody in HEK293 cells transfected with flag-tagged
WNKA4 (f-flag). (B) Immunoprecipitation of endogenous PTP-1D with WNK4 or
WNK4 mutants in HEK293 cells transfected with f-WNK4, WNK4Y''43F,
WNK4Y199%F and WNK4Y1%%% The cell lysates were immunoprecipitated with
either I1gG or PTP-1D. (C) Western blot demonstrates that coexpression of c-Src
diminished the WNK4-PTP-1D association. The endogenous PTP-1D was
immunoprecipitated with flag antibody in flag-WNK4 transfected cells. I9G
served as a negative control and the expression of PTP-1D (input) in HEK293
cells is shown (Lower).

WNK4 from inhibition to stimulation of ROMK channels. The
role of Ser''® and Ser''*® in regulating ROMK channels was
strongly suggested by the previous finding that mutation of either
Ser''® or Ser'!% to aspartate abolished the effect of WNK4 on
ROMK channels (13). Moreover, we observed that the stimu-
latory effect of SGK1 on ROMK channels was largely abolished
in cells transfected with either WNK4511994 or WNK45!1964 i
which the serine residues that are targets of SGK1 were mutated
to alanines (Fig. S4). Thus, the SGK1-WNK4 interaction plays a
role in regulating ROMK channel activity.

However, the stimulatory effect of SGK1 on WNK4’s phos-
phorylation was absent in the presence of high SFK activity (12).
A large body of evidence has demonstrated that SFK plays an
important role in inhibiting ROMK channels in the CCD (24-29).
We have previously demonstrated that SFK phosphorylates the
ROMKI1 channel at Tyr**’ (14) thereby facilitating internalization
of ROMK channels (24). A low K intake has been shown to in-
crease tyrosine phosphorylation of ROMK channels (11), leading
to inhibition of ROMK channels and decreasing K secretion in the
CCD. In addition to direct phosphorylation, SFK regulates ROMK
channel activity by suppressing SGK1-induced phosphorylation of
WNKH4, thereby restoring WNK4-induced inhibition of ROMK
channels (12, 13). Such a mechanism could play an important role
in suppressing ROMK channel activity during volume depletion,
which maintains a high SFK activity (11, 14, 24).

The main finding of the present study is that WNK4 is a pre-
viously unknown target of SFK phosphorylation. We discovered
three specific WNK4 sites that are phosphorylated by c-Src—
Tyr'®2 Tyr!®* and Tyr''*3. Two of these sites—Tyr'%? and
Tyr'**—are required for the modulatory effect of SFK on the
SGK1-WNK4 interaction. First, mutation of Tyr'** and Tyr'"*
to phenylalanine abolished the effect of c-Src on Ser''®® phos-
phorylation in the presence or absence of SGK1. Second, c-Src
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failed to restore the inhibitory effect of WNK4 on ROMK
channels in cells transfected with WNK4Y!0921094F Ty lines of
evidence suggest that c-Src-induced phosphorylation at Tyr'*%?
may play a major role, whereas phosphorylation at Tyr!%* plays
a minor role in mediating the effect of c-Src on WNK4-SGK1
interaction: (i) mutation of Tyr'%? largely abolished the inhi-
bito?f effect of WNK4 on ROMK channels; and (ii) mutation of
Tyr'®? and Tyr'®* completely abolished the inhibitory effect of
WNK4, whereas mutation of Tyr'*** alone did not significantly
affect WNK4’s inhibition of ROMK channels. We speculate that
dephosphorylation of WNK4 at Tyr'%? and Tyr'** enhances the
stimulatory effect of endogenous SGK1 on WNK4, thereby re-
versing the inhibitory effect of WNK4 on ROMK channels.
When Tyr'%? and Tyr'®* are phosphorylated by SFK, WNK4
should be in inhibitory mode for ROMK channels even in the
presence of SGK1. A role of WNK4 phosphorylation at Tyr'**?
and Tyr'®* in modulating the function of WNK4’s switch do-
main was suggested by the finding that WNK4 inhibited ROMK
channels in cells transfected with WNK4Y!092/1094F/S1196A
whereas WNK4Y!9¥1%%F fajled to inhibit ROMK channels. This
observation indicates that the phosphorylation status of Tyr'*? and
Tyr'%* may regulate the SGK1 effect on WNK4 phosphorylation
thereby affecting WNK4 inhibition of ROMK.

The second finding was that PTP-1D was associated with WNK4
and that the third site we identified, Tyr''*, was a binding site for
PTP-1D to WNK4. This notion was supported by the finding that
mutation of Tyr'!'* diminished the association of PTP-1D with
WNK4, whereas other mutations had no significant effect. The
physical association of PTP-1D and WNK4 likely plays an important
role in dephosphorylation of tyrosine phosphorylation sites in
WNKA4, thereby facilitating the effect of SGK1 on WNKA4. This no-
tion was supported by the observation that elimination of the putative
PTP-1D binding site by mutating Tyr''** abolished SGK1-induced
reversal of the inhibitory effect of WNK4 on ROMK channels.
Furthermore, the observation that inhibition of endogenous SFK
activity restored the effect of SGK1 and reversed the inhibitory effect
of WNK4 on ROMK channels strongly suggests that elimination of
the PTP-1D binding site may indirectly amplify SFK activity by
inhibition of PTP-1D activity.

A Volume Depletion o
© ©
TSFK/ \sc}‘
o ~Q |

T P-WNK4Y1143 T P-WNK4Y1092 <‘P_*WNK4S1169/96 \\/
s

SFKt

c J P/ /‘ ROMK
WNK4
tPP1 ©
}PTP1D -
B High K intake
} SFKZ SGK1t
|®
i P-WNK4Y1143 i P-WNK4Y1092 P-WNK451169/96 e
| < T ROMK
WNK4

0 .
fpTPID J e

Fig. 8. The scheme illustrates the mechanism by which SFK modulates the
interaction between WNK4 and SGK1 during volume depletion (A) and
during high K intake (B). The dotted line and solid line represent an en-
hanced and a diminished signaling pathway, respectively. Gray font means
inhibition. The plus and minus signs represent stimulation and inhibition, re-
spectively. PP1, type 1 serine/threonine protein phosphatase; PTP, protein ty-
rosine phosphatase; ROMK, renal outer medullary K channel (Kir1.1); SFK, Src-
family tyrosine kinase; SGK1, serum/glucocorticoid-induced protein kinase 1.
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Finally, the observation that expression of c-Src increased the
phosphorylation of Tyr''** and diminished the association of
PTP-1D with WNK4 suggests that the binding affinity of PTP-1D
to WNK4 was also affected by SFK-induced phosphorylation.
Therefore, the role of WNK4 phosphorylation at Tyr1143 may be to
decrease the association of PTP-1D with WNK4 and to suppress
PTP-1D activity, thereby increasing WNK4’s tyrosine phosphoryla-
tion at Tyr'*°2, We speculate that phosphorylation of Tyr'*> may
play a role in activation of serine/threonine protein phosphatase,
whereas the phosphorylation of Tyr''** may lead to inhibition of
PTP activity.

We have previously demonstrated that low Na intake decreases
the expression of PTP-1D, whereas it does not alter the expression
of c-Src in comparison with control animals (13). It is conceivable
that low expression of PTP-1D induced by low Na intake enhances
c-Src-induced phosphorylation of WNK4, thereby decreasing
SGK1-induced phosphorylation of WNK4 and switching WNK4 to
an inhibitory mode for K secretion. Fig. 84 illustrates the possible
mechanism by which SFKs modulate the WNK4-SGK1 interaction
during volume depletion. In addition to the inhibition of ROMK
by direct tyrosine phosphorylation, SFKs such as c-Src bind to
WNKH4, thereby stimulating tyrosine phosphorylation of WNK4 at
Tyr'®? and Tyr''*. The phosphorylation at Tyr'®? in turn acti-
vates serine/threonine protein phosphatase (PP) such as type 1 PP,
whereas the phosphorylation at Tyr''** inhibits PTP-1D activity.
The activated serine/threonine protein phosphatase is expected to
decrease SGK1-induced phosphorylation of WNK4 thereby lock-
ing WNK4 in an inhibitory mode for ROMK channels (13). In
contrast, high K intake has been shown to decrease the expression
of SFK, whereas it does not alter the expression of PTP-1D (29).
Thus, relatively high expression of PTP-1D during high K intake is
expected to facilitate PTP-1D binding to WNK4 and increase
PTP-induced dephosphorylation of WNK4 (Fig. 8B), thereby en-
hancing the effect of SGK1 on WNK4’s phosphorylation and
switching WNK4 to a stimulatory mode for K secretion. We
conclude that WNK4 is a substrate of both SFK and PTP-1D and
that tyrosine phosphorylation of WNK4 regulates the effect of the
SGK1-WNK4 interaction on ROMK channels and K secretion.
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Materials and Methods

The methods for electrophysiology, purification of flag-WNK4, preparation
of protein samples, immunoprecipitation, and Western blot are described in
SI Materials and Methods.

Cell Culture and Transient Transfection. HEK293T cells (American Type Culture
Collection) were used for transient expression of the proteins including
WNK4, SGK1, ¢-Src, and ROMK channels. The cells were grown in Dulbecco’s
modified Eagle medium (DMEM,; Invitrogen) supplemented with 10% (vol/vol)
FBS (Invitrogen) in 5% CO, and 95% air at 37 °C. Cells were grown to 50-70%
confluence for transfection, and the corresponding cDNAs were si-
multaneously applied to the cells using TurboFect transfection reagent in
according to the manufacturer’s protocol (Fermentas). Briefly, a cDNA mix-
ture (0.4 pg ROMK, 0.4 ug SGK1, 0.4 ug c-Src, and 0.4 pg WNK4) was diluted
with 200 pL serum-free DMEM and further mixed with 4 pL TurboFect
transfection reagent for the transfection of cells cultured in a 35-mm Petri
dish. Cells transfected with vector alone were used as a control, and their
background currents were subtracted from the experimental groups. After
a 15-min incubation at room temperature, the mixture of the transfection
agents was applied to the cells followed by an additional 24-h incubation
before use.

TiO, Enrichment and LC-MS/MS. Proteins of interest were excised from gels and
digested with trypsin. Peptides were extracted with 0.5% trifluoroacetic acid,
dried, resuspended, and applied to a TiO, TopTip microspin column (Glygen).
Unbound peptides were washed off and bound peptides were eluted with
a 1:33 solution of saturated ammonia. Protein digests and SILAC experi-
ments were analyzed by LC-MS/MS. Identified sites of phosphorylation were
confirmed using a second spectrometer. Spectra were searched with Mascot
2.1 with improved phosphopeptide scoring. Phosphopeptide identities were
confirmed by manual inspection.

Experimental Materials and Statistics. Antibodies for ¢-Src, PTP-1D, and tyrosine
phosphorylation (PY20) were purchased from Santa Cruz Biotechnology.
Antibodies for SGK1, Flag, actin, IgG, and HA were obtained from Sigma. Anti-
WNK4%'"% phospho antibody was generated by J.R. All chemicals including
PP1 (4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]-pyrimidine) were
purchased from Sigma. The data are presented as mean + SEM. We used
a one-way ANOVA test to determine the statistical significance. P < 0.05 was
considered to be significant.
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