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Abstract The epithelial sodium channel (ENaC) is the
major mediator of sodium transport across the apical mem-
branes of the distal nephron, the distal colon, the respira-
tory tract and the ducts of exocrine glands. It is subject to
feedback inhibition by increased intracellular Na+, a
regulatory system wherein the ubiquitin protein ligases,
Nedd4 and Nedd4-2, bind to conserved PY motifs in the C-
termini of ENaC and inactivate the channel. It has been
proposed recently that the kinase Sgk activates the channel
as a consequence of phosphorylating Nedd4-2, thus
preventing it from inhibiting the channels. This proposal
predicts that Sgk should interfere with Na+ feedback
regulation of ENaC. We have tested this prediction in
Xenopus laevis oocytes and in mouse salivary duct cells
and found that in neither system did increased activity of
Sgk interrupt Na+ feedback inhibition of ENaC. We found,
however, that Sgk stimulation was largely abolished in
oocytes expressing ENaC channels with C-terminal
truncations or mutated PY motifs. We were also unable
to confirm that Sgk directly interacts with Nedd4-2 in vitro.

We conclude that the stimulatory effect of Sgk on ENaC
requires the presence of the channel's PY motifs, but it is
not due to the interruption of Na+ feedback regulation.

Keywords Amiloride . Ubiquitin protein ligases . Nedd4 .
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Introduction

Epithelial sodium channels (ENaC) are expressed in the
distal nephron, the distal colon, the lungs and the excretory
ducts of salivary and sweat glands [15]. They are the major
route for Na+ absorption across the apical membranes of
these epithelia and play a critical role in the regulation of
normal extracellular fluid volume and blood pressure [36].
Their activity is increased by hormones such as aldoste-
rone, insulin and vasopressin (ADH) [18]. Recent studies
have implicated the serum- and glucocorticoid-inducible
kinase (Sgk), a member of the PKB-Akt family of serine-
threonine kinases thought to play a role in cell volume
control [34], as a critical mediator of the action of these
hormones [2, 16, 31, 43].

The mechanism by which Sgk1 increases Na+ channel
activity, however, is unclear. In principle, Sgk could act by
increasing the rate of insertion of channels into the plasma
membrane, increasing the open probability of the channels
that are already in the plasma membrane, or reducing the
rate of removal of the channels from the plasma membrane.
Data supporting each of these mechanisms have been
published [2, 4, 9]. Of particular interest, however, have
been the recent reports that Sgk1 may reduce the rate of
retrieval of the channels from the plasma membrane as a
consequence of phosphorylating the ubiquitin protein
ligase, Nedd4-2, so as to render it unable to interact with
the Na+ channels [8, 38, 39].

Nedd4-2 and its isoform Nedd4 mediate a negative
feedback system wherein increases in the intracellular
concentration of Na+ inhibit epithelial Na+ channels [1,
13]. Nedd4-2 and Nedd4 do this by binding to the PY
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motifs in the carboxyl termini of the β- and γ-subunits of
the Na+ channels [21, 24, 40], and then ubiquitinating the
N-termini of the channel α- and γ-subunits [41] so as to
trigger the endocytosis [37] and degradation of the
channels by proteasomes and lysosomes [32, 41].

The concept that both Sgk activation and Na+ feedback
inhibition of ENaC are due to alterations in the activity of
Nedd4/Nedd4-2-mediated ENaC retrieval suggests that
Sgk activation and Na+ feedback inhibition are functionally
interrelated. In particular, the model predicts that the
stimulatory effect of Sgk should be most prominent when
the Nedd4/Nedd4-2 pathway is activated by Na+ feedback
inhibition. In contrast, when Na+ feedback inhibition is
absent, the stimulatory effect of Sgk should be rather small,
because under these conditions the Nedd4/Nedd4-2 path-
way is thought to be inactive. The model also predicts that
Sgk may lead to a reduction or even loss of the normal
inhibitory regulation of epithelial Na+ channels by in-
creased intracellular Na+, depending on the relative
strength of the two opposing effects. The present studies
resulted from the wish to test these predictions in two
experimental systems, the Xenopus laevis oocyte expres-
sion system and mouse mandibular duct cells, because Na+

feedback inhibition is known to be mediated by ubiquitin
protein ligases of the Nedd4 family in both [1, 13, 17, 21,
25, 29]. In particular, the proposal that Sgk phosphorylates
Nedd4-2 so as to prevent it from interacting with epithelial
Na+ channels predicts that Sgk should inhibit Na+ feedback
in these cell types. Preliminary data from this paper have
been reported in abstract form [35].

Materials and methods

Materials

Constitutively active, recombinant Sgk1 (Δ1-60 S422D)
was obtained from Upstate Biotechnology (Waltham, MA).
Sgktide (KKPNRRLSVA) [33] was synthesised by Mimo-
topes (Clayton, Vic, Australia). The anti-Nedd4/Nedd4-2
antibody is described in [30].

Expression constructs containing carboxyl regions of
mouse α-, β- and γ-ENaC, all three WW domains of
mouse Nedd4 and all four WW domains of mouse Nedd4-2
have been described previously [17, 20, 21]. The Sgk1 PY
motif glutathione S-transferase (GST) construct was
generated by polymerase chain reaction amplification of
the PY motif region (amino acids 262–330) from mouse
Sgk1 cDNA, followed by cloning into the BamHI/EcoRI
sites of pGEX-2TK (Amersham Pharmacia Biotech
Australia).

Production of recombinant proteins

GSTalone and GST fusion proteins for carboxyl α-, β- and
γ-ENaC and WW domain regions of Nedd4 and Nedd4-2
were produced as described in Fotia et al. [17]. The GST–

Sgk1 PY motif fusion protein was produced as follows. An
overnight culture of E. coli DH5α harbouring the Sgk1 PY
motif GST fusion construct was diluted 1:4, grown for 2 h
at 22°C, induced with 1 mM isopropylβ-D-thiogalactoside
and grown for an additional 5 h at 22°C. The bacterial cell
pellet was resuspended in phosphate-buffered saline
containing 1 mg/ml lysozyme and then freeze–thawed.
The resulting solution was sonicated and then clarified by
centrifugation at 13,000×g for 30 min. GST fusion protein
was then affinity purified by using glutathione-Sepharose
beads (Amersham Pharmacia Biotech) as described pre-
viously [20]. Protein concentrations were estimated by
electrophoresis alongside bovine serum albumin standards,
followed by Coomassie blue staining.

[32P]-labelled protein probes were produced by directly
labelling the appropriate GST fusion protein using protein
kinase A (New England Biolabs) as previously described
[20].

Production of PY motif filters

To prepare PY motif filters, approximately 2 μg of GST
alone and each GST fusion protein was resolved by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidine difluoride mem-
branes (Perkin Elmer Life Sciences Biotech, Boston, MA).
Membranes were blocked in Hyb75 [23] and then hybrid-
ised with Nedd4 or Nedd4-2 WW domain [32P]-labelled
protein probes for 4 h at 4°C in Hyb75. Membranes were
washed four times in Hyb75, exposed to a phosphorscreen
(Molecular Dynamics) and analysed on a Typhoon 9410
variable mode imager (Molecular Dynamics).

Isolation of oocytes and injection of complementary
RNA

Adult female Xenopus laevis were anaesthetised in 0.2%
MS222 (Sigma, Taufkirchen, Germany), and oocytes were
obtained by a partial ovariectomy. The oocytes were
isolated from the ovarian lobes by enzymatic digestion at
19°C for 3–4 h with 1 mg/ml type V collagenase from Cl.
histolyticum (Sigma) dissolved in OR2 (82.5 mM NaCl,
2 mM KCl, 1 mM MgCl2, 1 mM HEPES, pH 7.4 with
Tris). Defolliculated stage V–VI oocytes were injected with
0.1 ng per subunit of α-, β- and γ-ENaC–FLAG comple-
mentary RNA (kindly provided by Bernard C. Rossier,
Lausanne, Switzerland) and 1 ng of constitutively active
Sgk1-SD cRNA (kindly provided by Florian Lang,
Tubingen, Germany) or water. In the experiments with
truncated and mutated ENaC, 0.02 ng cRNA per subunit of
α-, β- and γ-rENaC wild-type, or αP64stop-, β564stop-
and γF606stop-rENaC, or αY637A-, βY618A- and
γY628A-rENaC and 1 ng of constitutively active Sgk1-
SD cRNA or water were injected. The cRNAs were
dissolved in RNase-free water, and the total volume
injected was 46 nl (Nanoject automatic injector, Drum-
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mond, Broomall, PA). Injected oocytes were stored at 19°C
in modified Barth’s solution (MBS) with either low Na+

[1 mM NaCl, 40 mM KCl, 60 mM N-methyl-D-glucamine,
0.3 mM Ca(NO3)2, 0.4 mM CaCl2, 0.8 mM MgSO4,
10 mM HEPES, pH 7.4 with HCl] or high Na+ conditions
[85 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.3 mM Ca
(NO3)2, 0.4 mM CaCl2, 0.8 mM MgSO4, 10 mM HEPES,
pH 7.4 with Tris] supplemented with 10 units/ml sodium
penicillin and 10 μg/ml streptomycin sulphate to prevent
bacterial overgrowth.

Two-electrode voltage clamp

Oocytes were studied 2 days after injection using the two-
electrode voltage clamp technique. The oocytes were
placed in a small experimental chamber and constantly
superfused with ND96 (NaCl 96 mM, KCl 2 mM, CaCl2
1.8 mM, MgCl2 1 mM, HEPES 5 mM, pH 7.4 with Tris)
containing 2 μM amiloride (Sigma) at a rate of 3–5 ml/min.
Experiments were performed at room temperature. Oocytes
were held continuously at a holding potential of −60 mV
(OC-725C oocyte clamp, Warner Instruments Corp.,
Hamden, USA). Current–voltage (I–V) plots were obtained
from voltage-step protocols using consecutive 400 ms
step changes of the clamp potential from −60 to −120 mV
up to +40 mV in 20-mV increments (PULSE and LIH-
1600, HEKA, Lambrecht, Germany). The average current
values reached during the last 100 ms of the voltage steps
were used for the I–V plots. Amiloride-sensitive whole-cell
currents (ΔIami) were obtained by washing out amiloride
(2 μM) with amiloride-free ND96 and subtracting the
whole-cell currents in the presence of amiloride from the
corresponding whole-cell currents without amiloride.
Amiloride-sensitive whole-cell conductance (Gami) was
calculated as chord conductance using the ΔIami values
measured at −100 and −80 mV.

Surface labeling of oocytes

Experiments were performed as described recently [28,
45], using mouse anti-FLAG M2 monoclonal antibody
(Sigma) as primary antibodies and peroxidase-conjugated
sheep anti-mouse IgG (Chemicon, Boronia Victoria,
Australia) as secondary antibodies. Chemiluminescence
was quantified in a Turner TD-20/20 luminometer (Turner
Designs, Sunnyvale, CA) by placing individual oocytes in
50 μl of SuperSignal ELISA Femto Maximum Sensitivity
Substrate (Pierce, Rockford, IL), and integrating the signal
over a period of 15 s. Results are given in relative light
units (RLU).

Isolation of salivary duct cells

Isolated salivary duct cells were prepared by collagenase
digestion of mandibular glands from male mice [13].

Patch clamp methods

The standard bath solution, with pH 7.4, contained the
following:

Contents of standard bath solution Amount (mM)
NaCl 145
KCl 5.5
CaCl2 1.0
MgCl2 1.2
NaH2PO4 1.2
Na-N-[2-hydroxyethyl] piperazine-N,
[2-ethanesulfonic acid] (Na-HEPES)

7.5

H-HEPES 7.5
Glucose 10

After establishing the whole-cell configuration in an isolated
cell, we replaced the bath solution with a solution containing:

Amount (mM)
Na-glutamate (Na-glu) 145
NaCl 5.0
MgCl2 1.0
H-HEPES 10
Glucose 10
Ethylene-glycol-bis(β-aminoethyl-ether)
N,N,N',N'-tetraacetic acid (EGTA)

1.0

The pH was adjusted to 7.4 with NaOH. The pipettes were
filled with pH 7.2 solutions containing

Amount (mM)
NMDG-glu and Na-glu (combined) 150
MgCl2 1.0
H-HEPES 10
Glucose 10
EGTA 5.0

In experiments in which a NO3-rich pipette solution was
used, 150 mM NMDG-NO3 was used in place of 150 mM
NMDG-glutamate. In experiments in which we used consti-
tutively active Sgk1 (Δ1-60 S422D) and in the corresponding
control experiments, we also included in the pipette solution
Na-orthovanadate (1 mM), DTT (2 mM) and Na3ATP
(1 mM), and we increased the concentration of MgCl2 to
2 mM. We also confirmed that the Sgk1 (Δ1-60 S422D) batch
used in the patch clamp solution phosphorylated Sgktide in
vitro (data not shown).

Current–voltage relations were obtained by applying
250 ms voltage pulses from a resting potential of 0 mVand
were initially measured 4 min after attaining the whole-cell
configuration. Steady-state currents are the average
currents between 200 and 250 ms after the start of the
pulse. Amiloride-sensitive current was calculated by sub-
tracting the current following the addition to the bath of
100 μM amiloride from the current before the addition of
amiloride. Chord conductances were calculated at −80 mV
(cf. [13]).
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Statistical methods

Data are presented as mean±SEM. In patch clamp
experiments, n indicates the number of cells studied. In
oocyte experiments, N indicates the number of different
batches of oocytes, n the number of different oocytes
studied in each group. Significance was evaluated by
unpaired Student's t test.

Results

Does Sgk inhibit Na+ feedback in Xenopus oocytes?

Na+ feedback in Xenopus oocytes can be activated by
increasing extracellular Na+ [29, 42]. Hence, to test
whether the stimulatory effect of Sgk on ENaC channels
heterologously expressed in Xenopus oocytes is dependent
on the presence of sodium feedback inhibition, we co-
injected Sgk1 and ENaC-FLAG cRNA in Xenopus oocytes
and incubated them in high and low Na+ MBS.
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Fig. 1 The stimulatory effect of Sgk1 on the amiloride-sensitive
sodium current (ΔIami) in Xenopus oocytes is preserved in the
absence of sodium feedback inhibition. Oocytes were injected with
ENaC–FLAG cRNA ± Sgk1-SD and incubated for 2 days in high
Na+ (a) or low Na+ (b) MBS. On the left side of panels a and b,
representative whole-cell current traces are shown resulting from
400 ms step changes of the clamp potential from −60 to −120 mV up
to +40 mV in 20-mV increments in the presence (+ami) and absence

(−ami) of 2 μM amiloride. On the right, average current–voltage
(I–V) plots are depicted using the amiloride-sensitive whole-cell
current (ΔIami; mean±SEM) values obtained by subtracting the
current traces recorded in the presence of amiloride from the
corresponding traces recorded in its absence. Experiments were
performed in seven different batches of oocytes with an equal
number of 72 oocytes (N=7, n=72) in each group. Please note the
different current scales used in a and b
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As expected, the reversal potential of ΔIami measured in
seven batches of oocytes was more positive in low Na+

oocytes (Fig. 1b right panel) than in high Na+ oocytes
(Fig. 1a right panel). The reversal potential of ΔIami in
ENaC control oocytes and ENaC + Sgk1 oocytes kept in
low Na+ averaged +44 and +38 mV, respectively (Fig. 1b).

In contrast, in oocytes kept in high Na+, the reversal
potential averaged +18 mV in ENaC control oocytes and
+15 mV in ENaC + Sgk1 oocytes (Fig. 1a). This shift of the
reversal potential indicates that maintaining the oocytes in
high Na+ compared to low Na+ results in an increase of the
apparent intracellular Na+ concentration from 17 to 46 mM
in ENaC oocytes and from 21 to 54 mM in the ENaC +
Sgk1 oocytes. This confirms a similar degree of Na+

loading in the two groups of oocytes due to high Na+ in-
cubation. While using the reversal potential of ΔIami to
calculate the apparent intracellular Na+ concentration tends
to overestimate the true intracellular Na+ concentration
[27], these data indicate that the intracellular Na+ was
substantially lower in low Na+ incubated oocytes than in
high Na+ incubated oocytes.

We found a significant 5.3-fold increase ofΔGami in the
low Na+ ENaC group (32.12±2.29 μS, n=72) compared to
the high Na+ control group (6.08±0.43 μS, n=72) (Fig. 1).
This finding is consistent with previous reports [25, 29, 42]
and indicates that sodium feedback inhibition is largely
abolished in the low Na+ group. As illustrated by
representative current traces and by average I–V plots
shown in Fig. 1, co-injection with Sgk1 cRNA led to a
significant 52% increase of ΔGami in high Na+ incubated
oocytes (9.27±0.65 μS, n=72) and to a significant 64%
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Fig. 2 The stimulatory effect of Sgk1 on ΔIami can be partially
attributed to an increase in ENaC surface expression. In parallel to
the two electrode voltage clamp experiments, we determined the
surface expression level of ENaC–FLAG with a chemiluminescence
assay (N=7, n=131 per group). The results show a significant 42%
increase (p<0.0001) of surface expression (measured in Relative
light units, RLU) in low Na+ when ENaC was co-injected with Sgk1
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Fig. 3 Sodium feedback inhi-
bition induced by acute Na+

load is not prevented by Sgk1.
Oocytes were injected with
ENaC-FLAG cRNA + Sgk1-SD
or water and incubated for
2 days in low Na+ MBS. On the
day of experiment half of the
oocytes were transferred into
high Na+ MBS. ΔIami was
assessed after 0, 3–6 and
8–10 h, surface expression after
3–4 h. a Representative results
from one of four similar sets of
experiments. After 10 h of acute
Na+ loading (open symbols),
ΔIami was significantly
decreased in the ENaC injected
oocytes (circles) and in the
ENaC + Sgk1 injected oocytes
(squares) compared to corre-
sponding control oocytes main-
tained in low Na+ MBS (filled
symbols). Each data point rep-
resents the mean of ten oocytes
(N=1, n=10); error bars repre-
sent SEM. Average ΔIami
reduction (b) and reduction of
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high Na+ MBS. Bars represent
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error bars represent SEM.
Current measurements were
performed as shown in a
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increase in low Na+ incubated oocytes (52.81±3.39 μS,
n=72). Thus, the stimulatory effects of Sgk1 co-expression
were not reduced by incubation of the oocytes in low Na+

solution, viz when Na+ feedback inhibition is not operating.
Indeed, the absolute stimulatory effect of Sgk was larger in
oocytes incubated in low Na+ solution than in oocytes
incubated in high Na+ (Fig. 1). We then examined the ratio
of ΔGami observed in the oocytes incubated in high Na+ to
ΔGami observed in oocytes incubated in low Na+ as a
measure of the efficacy of Na+ feedback inhibition. We
found no difference in this ratio between oocytes expressing
Sgk1 [ΔGami(high Na+)/ΔGami(low Na+)=18%] and oo-
cytes not expressing Sgk1 [ΔGami(high Na+)/ΔGami(low
Na+)=19%]. Thus, Sgk co-expression appeared to have no
impact on Na+ feedback inhibition in Xenopus oocytes.

In addition, we determined the surface expression level
of ENaC with a chemiluminescence assay (Fig. 2). We
found a 42% increase of surface expression in low Na+

incubated oocytes when ENaC was co-injected with Sgk1
(68.3±5.3 RLU, n=131) compared to the ENaC control in
low Na+ incubated oocytes that had not been injected with
Sgk1 (48.1±3.1 RLU, n=131).

To investigate whether Sgk interferes with acute Na+

feedback inhibition, we also tested the effect of Sgk1 on the
response ofΔIami and ENaC surface expression to a sudden
increase of the extracellular sodium concentration. Two
days after cRNA injection and continuous incubation in low
Na+ MBS, oocytes were divided into two groups and either
transferred to high Na+ MBS or further maintained in low
Na+ MBS. A representative experiment is shown in Fig. 3a.
In ENaC and ENaC + Sgk1 oocytes maintained in the low
Na+ MBS, ΔIami remained at a relatively constant level. In
contrast, exposure to high Na+ MBS rapidly reducedΔIami

in ENaC and in ENaC + Sgk1 oocytes, demonstrating the
presence of substantial Na+ feedback inhibition. In similar
experiments performed in four different batches of oocytes,
we found reductions during acute sodium loading of 69.6±
4.2% (3–6 h high Na+ exposure) and 77.7±5.8% (8–10 h
high Na+ exposure) of ΔIami in ENaC control oocytes
compared to reductions of 54.1±8.8% (3–6 h) and 79.7±
3.3% (8–10 h) observed in ENaC + Sgk1 oocytes (Fig. 3b).
These findings demonstrate that Sgk does not prevent acute
Na+ feedback inhibition of ENaC. This was confirmed by
ENaC surface expression measurements (Fig. 3c). Acute
exposure to high Na+ reduced ENaC surface expression by
65.2±5.5% in ENaC oocytes and by 73.2±5.7% in ENaC +
Sgk1 oocytes. Thus, Na+ feedback inhibition of ENaC
surface expression was also preserved in the presence of
Sgk.

Removal or mutation of ENaC PY motifs prevents
the stimulatory effect of Sgk in the presence
and absence of Na+ feedback inhibition

The concept that Sgk stimulates ENaC by inhibiting its
interaction with Nedd4/Nedd4-2 predicts that the removal
or mutation of the channel’s PYmotifs, which are known to
be essential for Nedd4/Nedd4-2 binding, should abolish

the stimulatory effect of Sgk. Indeed, it has been reported
that mutation of the PY motifs in all three channel subunits
abrogates the stimulatory effect of Sgk on ENaC [8, 38]. In
contrast, it was reported in an earlier study that the
stimulatory effect of Sgk on ENaC was preserved when the
PY motifs of all three channel subunits were either mutated
or removed by C-terminal truncations [3]. In the present
study we re-investigated this important issue in the
presence or absence of sodium feedback inhibition, i.e. in
oocytes incubated in high (Fig. 4a) or low Na+ (Fig. 4b)
MBS, respectively. The finding that wild type ENaC
currents were reduced in oocytes incubated in high Na+

compared to those in oocytes incubated in low Na+

confirms that Na+ feedback inhibition is operating (Fig. 4a,
b) and is consistent with the results shown in Fig. 1. In
oocytes incubated in high Na+, truncation of the C-termini
or mutation of the PY motifs resulted in a loss of Na+

feedback inhibition [25] with increased currents compared
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to wild-type ENaC (Fig. 4a). In contrast, removal or
deletion of the PY motifs had no additional stimulatory
effect in oocytes incubated in low Na+ to prevent Na+

feedback inhibition (Fig. 4b). Importantly in the two
groups of oocytes (high and low Na+), the stimulatory
effect of Sgk1 was largely abolished by the removal or
deletion of the PYmotifs. In oocytes incubated in high Na+,
co-expression of Sgk1 had a similar stimulatory effect on
wild type ENaC currents as the removal or mutation of the
PY motifs. In oocytes incubated in low Na+, co-expression
of Sgk1 resulted in ENaC currents that were substantially
larger than those observed in oocytes expressing the
truncated or mutated ENaC (Fig. 4b). When taken together,
these findings indicate that the stimulatory effect of Sgk
requires the presence of intact PY motifs, but is largely
independent of the Na+ feedback inhibitory mechanism.

Does Sgk block Na+ feedback in mouse mandibular
duct cells?

As described in the previous sections, we were unable to
observe an effect of Sgk on the inhibition of ENaC by
increased intracellular Na+ in Xenopus oocytes. We thus
decided to attempt to confirm this observation in a native
cell system in which intracellular Na+ is known to inhibit
epithelial Na+ channels via Nedd4-(2), mouse mandibular
salivary duct cells [13, 17].

Mouse mandibular salivary duct cells, when studied in
the whole-cell patch clamp configuration with Na-gluta-
mate solution in the bath and NMDG-glutamate solution in
the pipette, have an amiloride-sensitive Na+ conductance

(Fig. 5a,b) [10]. The magnitude of this conductance is
decreased by increasing the intracellular concentration of
Na+ [26], as seen here, for example, when we use a patch
pipette solution containing 72 mM Na+ (Fig. 5a,c).

To determine whether Sgk inhibits Na+ feedback
regulation of the amiloride-sensitive Na+ channels in
mandibular duct cells, we examined whether inclusion of
recombinant constitutively active Sgk1 (Δ1-60 S422D)
(400 ng/ml) in the 72 mM Na pipette solution overcomes
the inhibitory effect of the increase in Na+ in the pipette
solution. We found that it did not (Fig. 6). Given that Sgk1
activates epithelial Na+ channels in macropatches from
Xenopus oocytes over a period of 20 min, and that this
activation is dependent on the ambient concentration of
Ca2+ [9], we also examined the effect including Sgk1 (Δ1-
60 S422D) in the 0 Na pipette solution. We found that Sgk1
did not change the amiloride-sensitive current when
studied over a period of 20–25 min. Similarly, increasing
the free Ca2+ in the pipette solution to 1 μmol/l from
<1 nmol/l, also did not reveal any effect of Sgk1 (Δ1-60
S422D) on the amiloride-sensitive current.

The amiloride-sensitive Na+ channels in mouse salivary
duct cells are also inhibited by the presence of anions, such
as Cl−, Br− and NO3

−, in the cytosol [11]. These anions act
via a G protein dependent mechanism [12] that does not
involve Nedd4 or Nedd4-2 [13]. We thus examined
whether Sgk could overcome the inhibition of the Na+

channels produced by the anion feedback system. We
found that inclusion of recombinant active Sgk1 (Δ1-60
S422D) in the pipette solution was unable to overcome the
inhibition of the amiloride-sensitive current produced by
the NO3

−-containing pipette solution (Fig. 6).

Fig. 5 The amiloride-sensitive
sodium current in mouse man-
dibular duct cells is inhibited by
increased intracellular Na+.
a Amiloride-sensitive currents
during dialysis with 0 Na and 72
Na solution. b Mean steady-
state current–voltage relations of
cells (n=9) studied with 0 Na
pipette solution (filled circles),
and following the addition of
100 μmol/l amiloride to the bath
(open circles). The amiloride-
sensitive component of the
current is also shown (filled
triangles). c Mean steady-state
current–voltage relations of cells
(n=7) studied with 72 Na pipette
solution (filled circles), follow-
ing the addition of 100 μmol/l
amiloride to the bath (open
circles). The amiloride-sensitive
component of the current is also
shown (filled triangles)
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Does Sgk directly interact with Nedd4-2?

As mentioned above, it has been suggested that phos-
phorylation of Nedd4-2 by Sgk1 is mediated via inter-
actions between the PY motif of Sgk1 (PPFY) and the
WW domains of Nedd4-2 [8, 38]. However, whilst Snyder
and colleagues [38] have demonstrated the requirement of

the Sgk1 PY motif for an interaction with Nedd4-2,
Debonneville et al. [8] were unable to demonstrate binding
between these two proteins. To investigate binding
between Sgk1 and Nedd4-2, we generated a GST fusion
protein of the Sgk1 PY motif-region (Fig. 7a). Equal
amounts of this affinity-purified protein, GST alone and
GST fusions of the PY motif-containing carboxyl termini
of ENaC α-, β- and γ-subunits were immobilised on
PVDF membranes after separation by SDS-PAGE, then
probed with the [32P]-labelled WW domain regions of
mouse Nedd4 and Nedd4-2. As shown in the radiograms,
the two probes bound strongly with the carboxyl termini of
all three ENaC subunits as previously reported [17, 21],
whereas no detectable binding was seen to the PY motif of
Sgk1 or GST (Fig. 7b).

Discussion

We have shown that ENaC stimulation by Sgk is fully
preserved when Na+ feedback inhibition is reduced.
Moreover, we have demonstrated that increased activity
of Sgk does not lead to inhibition of Na+ feedback
regulation of epithelial Na+ channels. In Xenopus oocytes,
where Na+ feedback inhibition can be triggered by
increasing the extracellular Na+ concentration [25, 29,
42], we found no evidence that co-expression of Sgk leads
to a reduced activity of Na+ feedback, or that the
stimulatory effect of Sgk is abrogated when the Na+

feedback system is not operating. These results make it
unlikely that an inhibitory action of Sgk on Na+ feedback
inhibition is responsible for the stimulatory effect of Sgk on
ENaC. We have also confirmed previous findings [8, 38]
that the stimulatory effect of Sgk is largely abolished by
removal or mutation of the channel's PY motifs, confirming
the importance of these motifs for mediating the Sgk effect.
Our results, however, are at odds with an earlier study [3]
and we have no explanation for this discrepancy. Our
Xenopus studies further confirm that the increase in Na+

channel activity produced by co-expression of Sgk1 is
accompanied by an increase in channel surface expression.

Similarly, increasing Sgk activity in mouse mandibular
duct cells by the inclusion of recombinant constitutively
active Sgk in the pipette solution did not prevent the Na+

channels being inhibited by increased intracellular Na+.
Because we have shown in vitro that the recombinant Sgk1
(Δ1-60 S422D) remains active in the pipette solution (see
“Materials and methods”) and this recombinant Sgk has
been successfully used in other patch clamp studies [9], the
absence of an effect of Sgk1 is unlikely to be due to a lack
of activity of the enzyme. Furthermore, we used the
protocol that we have previously used to show that the
kinase Grk2 inhibits Na+ feedback regulation of the Na+

channels [14]; hence the failure of Sgk1 to act is not
attributable to a technical difficulty such as the failure of
the kinase to reach the channels or the ubiquitin protein
ligase. Thus, the present studies permit us to conclude that
Sgk does not inactivate Na+ feedback in at least one
aldosterone-sensitive tissue, the salivary ducts [19].

Fig. 7 a The mSgk1 sequence used as a GST fusion protein. b A
far-Western analysis of binding between the 32P-labelled WW
domain region of Nedd4(-2) and the PY motif regions of α-, β- and
γ-ENaC subunits and Sgk1. Approximately 2 μg of each affinity
purified GST fusion protein and GST alone was used in far-Western
assays. Coomassie blue-stained gel of GST proteins as indicated on
top of the gel (top). Proteins were transferred to PVDF membranes
and hybridised to 32P-labelled Nedd4 (middle) or Nedd4-2 (bottom)
protein probes. Molecular mass markers in kDa are indicated on the
left-hand side of the gels
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Fig. 6 Sgk does not prevent the inhibition of the amiloride-sensitive
channels in mouse mandibular duct cells by increased intracellular
Na+. Amiloride-sensitive conductance during dialysis with 0 Na
solution, 72 mM Na solution, 72 mM Na solution + 400 ng/ml
recombinant Sgk1 (Δ1-60 S422D), or with NMDG-NO3 solution
±400 ng/ml recombinant Sgk1 (Δ1-60 S422D)
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Our failure to observe a functional interrelation of Sgk
action and Na+ feedback inhibition in these two systems
and the finding that the stimulation of ENaC by Sgk does
not seem to require that Nedd4-2 mediated channel
retrieval has been activated by high intracellular sodium
suggest the presence of additional pathways through which
Sgk stimulates ENaC independently of Nedd4-2. For ex-
ample, the macropatch studies by Diakov and Korbmacher
have found that S621, which is located in a putative Sgk-
phosphorylation consensus site in the C-terminus of the α-
subunit of the channel, is required for stimulation of ENaC
activity by Sgk [9]. An obvious prediction from this is that
Sgk exerts its action by directly or indirectly modifying the
phosphorylation of S621, although an earlier study did not
observe phosphorylation by Sgk of any of the channel
subunits [44]. Moreover, Sgk may stimulate channel
insertion rather than acting solely through an inhibition
of channel retrieval. This is supported by earlier reports that
Sgk does not reduce the rate of endocytosis of Na+

channels expressed in Xenopus oocytes [3] and does not
increase the half-life of ENaC subunits in A6 cells [7].
Moreover, the stimulatory effects of aldosterone and
vasopressin on Na+ channels are not prevented by the
deletion of the PY motifs in the channels [6].

We were unable to demonstrate that the PY motif of
Sgk1 is a target of the Nedd4-2 WW domains in vitro. This
is consistent with the failure of Debonneville et al. [8] to
co-immunoprecipitate heterologously expressed Sgk and
Nedd4-2 from Xenopus oocytes, and in vitro interaction
studies, which found no interaction [22], or only a weak
interaction [5], between these two proteins. Snyder et al.
[38], on the other hand, were able to demonstrate binding
between Sgk and Nedd4 or Nedd4-2 in vitro. The
differences in experimental protocol between these studies
include: the Nedd4-2 construct used [full-length [8, 38],
individual WW domains [5, 22] or the entire WW domain
region (present study)], the Sgk1 construct used [full-
length [8, 38], or an Sgk peptide [5, 22] (present study)],
the type of assay [in vivo [8] or in vitro [5, 22, 38] (present
study)] and finally the species of origin of the constructs
[human [38], Xenopus [8, 22] or mouse [5] (present
study)]. Of these, only the use of constructs of human
origin, rather than of mouse or Xenopus origin, appears to
be associated with the clear demonstration of an association
between Nedd4-2 and Sgk1. This suggests that in non-
human species the interaction between Sgk and Nedd4-2
may be too weak or transient to be detected.

In conclusion our study provides evidence that there is
no direct functional link between Sgk-mediated ENaC
regulation and Na+ feedback inhibition. Our results
confirm the importance of the channel's PY motifs for
mediating the stimulatory effect of Sgk but suggest that the
stimulation of ENaC by Sgk involves more than the
inhibition of Nedd4-2 mediated channel retrieval. This
makes sense physiologically because Sgk-mediated ENaC
stimulation is likely to occur in sodium depleted states with
a high level of plasma aldosterone and a low renal tubular

sodium concentration. Under these conditions Sgk and the
lack of sodium feedback inhibition will act synergistically
to stimulate ENaC mediated sodium absorption to maintain
sodium balance.
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