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Abstract
Anionic phospholipids (APs) present a variety of lipids in the cytoplasmic leaflet of the plasma
membrane, including phosphatidylinositol (PI), PI-4-phosphate (PI(4) P), phosphatidylserine (PS),
PI-4,5-bisphosphate (PI(4,5) P2), PI-3,4,5-trisphosphate (PI(3,4,5)P3), and phosphatidic acid (PA).
We previously showed that PI(4,5)P2 and PI(3,4,5)P3 upregulate the renal epithelial sodium channel
(ENaC). Further studies from others suggested that PI(4,5) P2 and PI(3,4,5)P3 respectively target
β- and γ-ENaC subunit. To determine whether PI(4,5)P2 and PI(3,4,5)P3 selectively bind to β and
γ subunit, we performed lipid-protein overlay experiments. Surprisingly, the results reveal that most
APs, including PI(4)P, PS, PI(4,5)P2, PI(3,4,5)P3, and PA, but not PI, non-selectively bind to not
only β and γ but also α subunit. To determine how these APs regulate ENaC, we performed inside-
out patch-clamp experiments and found that PS, but not PI or PI(4)P, maintained ENaC activity, that
PI(4,5)P2 and PI(3,4,5)P3 stimulated ENaC, and that PA, however, inhibited ENaC. These data
together suggest that APs differentially regulate ENaC by physically interacting with α-, β-, and γ-
ENaC. Further, the data from cell-attached patch-clamp and confocal microscopy experiments
indicate that PA, a product of phospholipase D, may provide one of the pathways for inhibition of
ENaC by endothelin receptors.
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Introduction
It has long been known that anionic phospholipids (APs) are normally located in the inner
leaflet of the plasma membrane. However, whether they could regulate the function of
transmembrane proteins such as ion channels and transporters remained unknown until 1996
when PI(4,5)P2 was found to regulate Na+-Ca2+ exchangers and ATP-sensitive K+ (KATP)
channels [10]. As a negatively charged molecule, PI(4,5)P2 stimulates several types of inward
rectifier K+ channels by directly interacting with their proximal COOH terminal regions [11].
Other studies indicate that not only PI(4,5)P2 but also other APs such as PI(4)P and PI(3,4,5)
P3 also regulate KATP channels [4,28]. Compared to the Kir2.1 channel which is selectively
activated by PI(4,5)P2, the Kir6.2 channel is also non-selectively activated by PI(4,5)P2, PI-3,4-
bisphosphate (PI(3,4)P2), and PI(3,4,5)P3 [26].

Our studies show that like KATP channels, ENaC is also stimulated by both PI(4,5)P2 and PI
(3,4,5)P3 [18]. Such regulations are very important because a decrease in PI(4,5) P2 mediates
inhibition of ENaC by purinergic P2Y and epidermal growth factor (EGF) receptors [12,17,
21,32], while an increase in PI(3,4,5)P3 accounts for stimulation of ENaC by insulin and steroid
receptors [5,9,20,25,30,31,34]. As discussed in our recent review articles [15,16], inhibition
of ENaC by P2Y and EGF receptor-mediated decrease in PI(4,5)P2 may facilitate cyst
development in polycystic kidney diseases; acute stimulation of ENaC by steroid receptor-
mediated increase in PI(3,4,5)P3 may contribute to blood volume recovery from hypovolemic
hypotension. Our recent studies also suggest that phosphatidylserine (PS) externalization, a
reduction of PS in the inner leaflet of the cell membrane, mediate down-regulation of ENaC
by the inflammatory cytokine, tumor necrosis factor (TNF) α [3]. Therefore, further
determination of the mechanisms of ENaC regulation by APs has pathological significance. In
terms of the sites for lipid targeting, we show that APs including PI(3,4,5)P3 interact with γ-
ENaC [9]. Recent studies suggest that PI(4,5)P2 and PI(3,4,5)P3 may target different ENaC
subunits: PI(4,5)P2 stimulates ENaC by directly interacting with the distal region of the N-
terminus of the β subunit [12] while PI(3,4,5)P3 stimulates ENaC by directly interacting with
the proximal region of the C-terminus of the γ subunit [23]. However, whether ENaC subunits
selectively bind to PI(4,5)P2 and PI(3,4,5)P3 over other APs has not been clarified. Moreover,
besides PI(4,5)P2 and PI(3,4,5)P3, how other APs regulate ENaC also remains unknown.

In the present study, using patch-clamp techniques combined with lipid-protein overlay and
confocal microscopy imaging, we show that α-, β-, and γ-ENaC non-selectively bind to most
APs. However, unlike PI(4,5)P2 and PI(3,4,5)P3 that stimulate ENaC, phosphatidic acid (PA)
strongly inhibits ENaC, providing a pathway for endothelin receptor signaling in distal nephron
principal cells.

Materials and methods
Cell culture

H441 human lung epithelial cells, HEK293 cells, and A6 distal nephron principal cells were
purchased from American Type Culture Collection (Rockville, MD, USA). H441 and HEK293
cells were cultured in plastic flasks respectively in either Roswell Park Memorial Institute
medium 1640 or Dulbecco's Modified Eagle's minimal essential medium (DMEM) with 2 mM
L-glutamine and 10% fetal bovine serum. A6 cells were cultured in plastic flasks in a modified
media containing three parts of DMEM/F-12 (1:1) medium (Invitrogen), one part of H2O, 2
mM L-glutamine, 10% fetal bovine serum (Invitrogen), 25 U/ml penicillin, 25 U/ml
streptomycin, and 1 μM aldosterone at 26°C and 4% CO2. After the cells became 70% confluent
in plastic flasks, H441 and HEK293 were removed from the flasks and plated on permeable
supports attached to Transwell inserts (Corning Costar Co.) for lipid-protein overlay
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experiments. H441 cells were used because antibodies directed against human ENaC are
commercially available. HEK293 cells were used for expressing tagged ENaC subunits; they
were plated with a density to allow them to be 80% confluent within 48 h before the transfection.
H441 and A6 cells were cultured for 10–14 days to allow them to be fully polarized before
each experiment. A6 cells were plated on permeable supports attached to Snapwell inserts
(Corning Costar Co.) and used for patch-clamp experiments because the ENaC in this cell line
has been well characterized.

Expression of fluorescent protein-tagged ENaC subunits
HEK293 cells were respectively transfected with cDNA constructs of enhanced cyan
fluorescent protein-tagged rat α-ENaC (α-rENaC-pECFP-N1), enhanced yellow fluorescent
protein-tagged rat β-ENaC (β-rENaC-pEYFP-N1), and pDsRed2-protein-tagged rat γ-ENaC
(γ-rENaC-pDsRed2-N1). These constructs were kindly provided by Dr. Douglas C. Eaton
(Emory University, Atlanta, GA, USA) and were generated as we reported previously [9].
Lipofectamine 2000 (Invitrogen) was used for the transfection. Briefly, 80% confluent
HEK293 cells on day 2 after the plating were used for the transfection. DNA constructs were
diluted with serum-free Opti-MEM (1 μg DNA/50 μl Opti-MEM), mixed with Lipofectamine
2000, which was also diluted with serum-free Opti-MEM (1 μl Lipofectamine/50 μl medium),
and then incubated at room temperature for 15 min. Finally, the transfection medium containing
DNA and Lipofectamine 2000 was applied to the cells and allowed to be in the medium for 6
h at 26°C before the transfection medium was replaced with regular growth medium.

Lipid-protein overlay
To test the lipid-binding properties of ENaC subunit, a lipid-protein overlay was performed
using the so-called PIP Strips™, commercially available from Invitrogen (Chicago, IL, USA).
The strip is a piece of nitrocellulose membrane on which 15 phospholipids at 100 pM and a
blank sample were loaded by the manufacturer, as labeled beside the dashed circles in Fig. 1a.
These lipids, which were dotted on the membrane, are lysophosphatidic acid,
lysophosphatidylcholine, PI, PI-3-phosphate (PI(3)P), PI(4)P, PI-5-phosphate (PI(5)P),
phosphatidylethanolamine, phosphatidylcholine (PC), sphingosine-1-phosphate, PI(3,4) P2,
PI-3,5-bisphosphate (PI(3,5)P2), PI(4,5)P2, PI(3,4,5)P3, PA, and PS. H441 cells expressing
native ENaC subunits and HEK293 cells transfected with plasma DNA constructs of
fluorescence protein-tagged ENaC subunits (α-rENaC-pECFP-N1, β-rENaC-pEYFP-N1, or
γ-ENaC-pDsRed2-N1) were cultured on Transwell filters (step 1, as shown in Fig. 1a). These
cells were thoroughly rinsed with phosphate-buffered saline before lysing with hypotonic lysis
buffer containing 10 mM Tris HCl, 10 mM NaCl, 2 mM ethylenediaminetetraacetic acid, 0.5%
Triton-X100, and freshly prepared 1X protease inhibitor cocktail (pH 7.5; step 2). The PIP
Strips were blocked in Tris-buffered saline (TBS) buffer (10 mM Tris HCl, 140 mM NaCl,
and 5% fatty acid-free bovine serum albumin (BSA; Equitech Bio Inc., Kerrville, TX, USA),
pH 7.5) for 1 h at room temperature. Then, approximately 26 μg/mL protein from either H441
or HEK293 cell lysate was incubated with the Strips in TBS with 1% fatty acid-free BSA at
4°C overnight (step 3). The Strips were then washed with TBS-T buffer (TBS containing 0.05%
Tween 20) three times (5 min for each wash) with gentle agitation (step 4). To detect the
possible binding of each ENaC subunit to spotted phospholipids, the Strips were respectively
incubated with rabbit polyclonal antibodies directed against α-, β-, or γ-ENaC (Abcam Inc.,
Cambridge, MA, USA; 1:1,000 dilution), green-fluorescent protein (Invitrogen; 1:4,000), or
Ds-Red (1:2,000; BD Bioscience, Palo Alto, CA, USA) in TBS-T with 1% fatty acid-free BSA
at 4°C overnight (step 5). Then, the membrane was washed three times (step 6) and incubated
with horseradish peroxide-conjugated donkey anti-rabbit secondary antibody (Santa Cruz
Biotechnology; 1:5,000 in TBS-T) for 1 h at room temperature (step 7). After thorough washes
(step 8), the chemiluminescence was developed on X-ray film (step 9).
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Patch-clamp recordings
Inside-out and cell-attached recordings of ENaC single-channel current from A6 distal nephron
cells were carried out using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA,
USA). As we previously described [35], prior to the experiments, A6 cells cultured on the
Snapwell inserts were thoroughly washed with NaCl solution containing (in millimolar) 100
NaCl, 3.4 KCl, 1 CaCl2, 1 MgCl2, and 10 HEPES (pH was adjusted to 7.4 with NaOH). The
glass micropipette was filled with NaCl solution (the pipette resistance is 7–10 MΩ). In inside-
out experiments, KCl solution containing (in millimolar) 100 KCl, 5 NaCl, 1 MgCl2, and 10
HEPES (50 nM free Ca2+ after titration with 1 mM ethylene glycol tetraacetic acid; pH was
adjusted to 7.2 with KOH) was used for the “cytoplasmic” bath. In cell-attached experiments,
NaCl solution was used for both the luminal and the basolateral bath. Single-channel currents
were obtained with applied pipette potentials of either +60 mV for inside-out recordings or 0
mV for cell-attached recordings, filtered at 1 kHz, and sampled every 50 μs with Clampex 8.0
software. Experiments were conducted at room temperature. The total numbers of functional
channels in the patch were estimated by observing the number of peaks detected on the current
amplitude histogram during at least 10 min recording period. The open probability (PO) of
ENaC before (−3 to 0 min) and after (0–3 min and 3–6 min) each experimental manipulation
was calculated using Clamfit 9.0.

Confocal microscopy imaging
Confocal microscopy XY scanning of A6 cell monolayer on the edge of a folded filter, which
is the so-called filter-fold technique [33], was used to achieve a high-resolution side view of
A6 cell monolayer. Briefly, the cells cultured on the polyester filter membrane of Transwell
inserts were washed with NaCl solution. The cells were either in control conditions or
basolaterally exposed to 20 nM endothelin-1 (ET-1) for 5 min, fixed with 2% paraformaldehyde
for 10 min, and permeabilized with 0.1% triton-X100 in NaCl solution for 15 min, incubated
with a rabbit polyclonal antibody directed against phospholipase D (PLD)-1 (Abcam; ab50695)
at room temperature for 1 h, and then incubated with a secondary antibody (Alexa Fluor® 488
goat anti-rabbit IgG, 5 μg/ml) at room temperature for 30 min. Incubation of the cells with the
secondary antibody alone served as a control. The nuclei were stained with Hoechst 33258
trihydrochloride (10 μg/ml) for 3 min. Each step described above was followed by washing
the cells twice. Then, the polyester filter membrane was excised, folded with A6 cell monolayer
facing out, and mounted on a glass slide. Optical sections of the edge of the folded filter (side
view of A6 cell monolayer) were performed with a Leica confocal microscopy. In each set of
experiments, images were taken using the same parameter settings.

Chemicals
Most chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). PI, PI(4)P, PS,
PA, and PI(4,5)P2 were purchased from Avanti Polar Lipids, INC (Alabaster, AL, USA). PI
(3,4,5)P3 was from Calbiochem.

Statistical analysis
Data is reported as mean values±SE. Statistical analysis was performed with SigmaPlot and
SigmaStat software (Jandel Scientific, CA, USA). Student t test was used between two groups.
Analysis of variance was used for multiple comparisons. Results were considered significant
if P<0.01.
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Results
α-, β-, and γ-ENaC bind to most anionic phospholipids (APs)

Previous studies suggest that PI(4,5)P2 and PI(3,4,5) P3 stimulate ENaC by respectively
interacting with β- and γ-ENaC subunits [12,23]. To determine whether ENaC subunits
selectively bind to PI(4,5)P2 and PI(3,4,5)P3 over other APs, lipid-protein overlay experiments
by using PIP Strips™ were performed as described in the “Materials and methods” and shown
in Fig. 1a. We expressed fluorescent protein-tagged rat α-, β-, or γ-ENaC in HEK293 cells and
detected each ENaC subunit with antibody against the attached fluorescent protein, and found
that all three ENaC subunit could bind to most APs with a similar binding pattern (Fig. 1b).
We have previously shown that the fluorescent proteins do not bind to these lipids [9,15]. Since
it is known that the phosphoinositide recognition domains not only require a lysine- and/or
arginines-rich motif but also require a β-sandwich structure [13], the nonselective binding may
be caused either by the tags or the separation of a subunit from the αβγ ENaC complex.
Therefore, in the following experiments, we used non-denaturing protein extract from H441
cells in which the αβγ ENaC complex is natively expressed to detect how the αβγ ENaC
complex interacts with these lipids with antibodies to human α-, β-, and γ-ENaC. Non-
selectively bindings to most APs were detected by antibodies to human α- and γ-ENaC (Fig.
2a). No binding was observed by using the antibody to human β-ENaC. This may be due to a
possible inefficient access of the antibody to β-ENaC. Among these APs, it seemed that PI
(3,4,5)P3 had the lowest binding affinity to both α- and γ-ENaC. These bindings were abolished
by pretreatment of the Strips with either the peptide, which was used for generating the antibody
(Fig. 2b), or 10 μg/ml poly-L-lysine for 10 min (Fig. 2c). These data, together with the results
by using ENaC subunits individually expressed in a cell model, reveal that all three ENaC
subunits can bind to most APs, but with an observable preference to the APs with less negative
charges, even though the negative charges are required for the binding.

PI, PI(4)P, and PS do not stimulates ENaC
We [18] and others [24] have previously reported that PI(4,5)P2 and PI(3,4,5)P3 directly
stimulate ENaC. The lipid-protein overlay data showed that PI(4)P and PS have an even higher
binding affinity to ENaC than PI(4,5)P2 and PI(3,4,5)P3, leading to a hypothesis that the
physical interactions of PI(4)P and PS with ENaC might also affect ENaC activity. To test this
hypothesis, we performed inside-out patch-clamp experiments in A6 cells. To better observe
a putative stimulatory effect, the patches containing low basal ENaC activity were used for the
experiments. Serving as a control, addition of saline to the “cytoplasmic” bath did not affect
ENaC activity (Fig. 3a). Mean ENaC POs from five inside-out patches were 0.024±0.003
(before addition), 0.023±0.004 (0–3 min after addition of saline; P=0.10), and 0.015±0.005
(3–6 min after addition of saline; P=0.05). Addition of PI(50 μM) to the “cytoplasmic” bath
did not affect ENaC activity either; mean ENaC POs from six inside-out patches were 0.030
±0.005 (before addition), 0.027±0.005 (0–3 min after addition of PI; P=0.22), and 0.021±0.004
(3–6 min after addition of PI; P=0.15; Fig. 3b). PI(4)P (50 μM) seemed to abolish the reduction
of ENaC activity, which normally occurred in control conditions; mean ENaC POs from five
inside-out patches were 0.029±0.004 (before addition), 0.028±0.003 (0–3 min after addition
of PI(4); P=0.38), and 0.028±0.004 (3–6 min after addition of PI(4)P; P=0.33; Fig. 3c). PS (50
μM) either maintained or slightly enhanced ENaC activity. Mean ENaC POs from six inside-
out patches ENaC POs were 0.026±0.007 (before addition), 0.033±0.009 (0–3 min after
addition of PS; P=0.10), and 0.039±0.009 (3–6 min after addition of PS; P=0.08; Fig. 3d).
Although none of these lipids significantly affected the mean ENaC POs, the percent change
in ENaC PO (3 to 6 min versus −3 to 0 min) induced by PS was significantly different from
those after addition of saline (control), PI, or PI(4)P (Fig. 3e). Since among APs, PS and PI(4)
P have the highest binding affinity to ENaC, these results suggest that physical interaction
between APs and ENaC does not promise an ability to regulate ENaC.
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PI(4,5)P2 and PI(3,4,5)P3 stimulate ENaC via negative charges
We previously showed that PI(4,5)P2 and PI(3,4,5) P3 at 5 μM maintained the activity of highly
active ENaC [18]. To determine if they could enhance rather than just maintain ENaC activity,
in the present study, we used a much higher concentration (50 μM) of PI(4,5)P2 and PI(3,4,5)
P3 and patches containing ENaC with lower basal activity. The data demonstrated that addition
of PI(4,5)P2 (50 μM) to the “cytoplasmic” bath strongly enhanced ENaC activity. Mean ENaC
PO from seven inside-out patches was significantly increased, from 0.052±0.013 (before
addition) to 0.068±0.019 (0–3 min after addition of PI(4,5)P2; P=0.07) and 0.156±0.030 (3–6
min after addition of PI(4,5)P2; P<0.01; Fig. 4a). However, in the presence of poly-L-lysine
(10 μg/ml), PI(4,5)P2 (50 μM) was unable to stimulate ENaC. Mean ENaC POs from five
inside-out patches were 0.041±0.009 (before addition; in the presence of poly-L-lysine), 0.011
±0.006 (0–3 min after addition of PI(4,5)P2 in the presence of poly-L-lysine; P<0.01), and
0.003±0.001 (3–6 min after addition of PI(4,5) P2 in the presence of poly-L-lysine; P<0.001;
Fig. 4b). In six inside-out patches, PI(3,4,5)P3 (50 μM) also increased mean ENaC PO from
0.036±0.013 (before addition) to 0.050±0.013 (0–3 min after addition of PI(3,4,5)P3; P=0.09)
and 0.188±0.023 (3–6 min after addition of PI(3,4,5) P3; P<0.001; Fig. 4c). Similarly, in the
presence of poly-L-lysine (10 μg/ml), PI(3,4,5)P3 (50 μM) was also unable to stimulate ENaC;
mean ENaC POs from five inside-out patches were 0.040±0.004 (before addition; in the
presence of poly-L-lysine), 0.028±0.003 (0–3 min after addition of PI(3,4,5)P3 in the presence
of poly-L-lysine; P<0.01), and 0.003±0.001 (3–6 min after addition of PI(3,4,5)P3 in the
presence of poly-L-lysine; P<0.001; Fig. 4d). In contrast, poly-L-lysine (10 μg/ml) alone even
reduced basal ENaC activity. Mean ENaC POs from five inside-out patches were 0.039±0.006
(before addition), 0.024±0.006 (0–3 min after addition of poly-Lysine; P=0.09), and 0.004
±0.002 (3–6 min after addition of poly-L-lysine; P<0.001; Fig. 4e). Poly-L-lysine abolished
the percent increase in ENaC PO (3 to 6 min versus −3 to 0 min) induced by PI(4,5)P2 and PI
(3,4,5)P3 (Fig. 4f). These data suggest that negative charges are required for the stimulatory
effect of PI(4,5)P2 and PI(3,4,5)P3 on ENaC activity.

PA inhibits ENaC
Since PA also physically interacts with ENaC, whether PA could regulate ENaC was examined.
The preliminary data indicated that PA appeared to reduce ENaC activity. In order to clearly
see the reduction, we used patches containing ENaC with high basal activity for this set of
experiments. ENaC activity in these inside-out patches gradually ran down, which is consistent
with our previous report [18]. Again, control saline did not affect the channel activity rundown;
in five inside-out patches, ENaC POs were reduced, from 0.359±0.049 (before addition) to
0.319±0.048 (0–3 min after addition of saline; P=0.17) and 0.105±0.021 (3–6 min after addition
of saline; P<0.05; Fig. 5a). In contrast, in six inside-out patches, addition of PA (50 μM) to the
“cytoplasmic” bath rapidly reduced mean ENaC PO from 0.335±0.031 (before addition) to
0.124±0.033 (0–3 min after addition of PA; P<0.05) and 0.006±0.003 (3–6 min after addition
of PA; P<0.001; Fig. 5b). Compared to control conditions, PA significantly enhanced the
percent reduction of ENaC PO (3 to 6 min versus −3 to 0 min; Fig. 5c). These data suggest that
unlike PI(4,5)P2 and PI(3,4,5)P3 that directly stimulate ENaC via a physical interaction, PA
paradoxically inhibits ENaC probably also via a physical interaction.

Endothelin-1 (ET-1) inhibits ENaC via activation of phospholipase D (PLD)
In a variety of cell types, endothelin receptors activate PLD [1,2,7,14], an enzyme which uses
PC as a substrate to produce PA [2,14]. To determine whether PLD mediates inhibition of
ENaC by endothelin, we performed cell-attached experiments. The basal ENaC activity in cell-
attached patches was much more stable than that in inside-out patches. Addition of saline to
the basolateral bath did not affect ENaC activity; mean ENaC POs from six cell-attached
patches were 0.298±0.058 (before addition), 0.283±0.052 (0–3 min after addition of saline;
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P=0.97), and 0.284±0.050 (3–6 min after addition of saline; P=0.97; Fig. 6a). In contrast,
addition of ET-1 (20 nM) to the basolateral bath significantly inhibited ENaC; mean ENaC
PO from seven cell-attached patches was decreased from 0.324±0.048 (before addition) to
0.228± 0.031 (0–3 min after addition of ET-1; P<0.05) and 0.028± 0.012 (3–6 min after
addition of ET-1; P<0.01; Fig. 6b). The inhibition was obviously attenuated by pretreatment
of the cells with 1% (v/v) 1-butanol (1-But), a PLD inhibitor which has been recently used by
others [19]. In the presence of 1-But, the reduction of ENaC PO induced by ET-1 was less
significant; mean ENaC POs from seven cell-attached patches were 0.286±0.050 (before
addition), 0.278±0.047 (0–3 min after addition of ET-1), and 0.133±0.027 (3–6 min after
addition of ET-1; P<0.05). These data suggest that PLD participates in endothelin-induced
inhibition of ENaC.

ET-1 induces translocation of PLD to the apical membrane
To further determine the mechanism for ET-1-induced stimulation of PLD in polarized A6
distal nephron cells, confocal microscopy was used to optically cross-section A6 cell
monolayer. We found that under control conditions, PLD was sporadically localized in the
cytoplasm (Fig. 7a). In contrast, after treatment with ET-1, PLD accumulated near the apical
membrane (Fig. 7b). Direct incubation of the cells with the fluorescent secondary antibody
showed no detectable fluorescence (Fig. 7c). These data suggest that ET-1 stimulates PLD at
least in part by promoting translocation of PLD to the apical membrane.

Discussion
Previous studies showed that PI(4,5)P2 stimulates ENaC by interacting with β and γ subunits
[36]. The data from mutagenesis experiments indicated that β-ENaC contains a PI(4,5)P2-
binding site and that γ-ENaC contains a PI(3,4,5) P3-binding site [12,23]. Recent studies
suggested that the extreme N-terminus of β- and γ-ENaC were identified as being critical to
down-regulation of ENaC activity and PO in response to depletion of membrane PI(4,5)P2, and
that intracellular regions near the inner membrane interface just following the second
transmembrane domains in β- and γ-but not α-ENaC as necessary for PI(3,4,5)P3 but not PI
(4,5) P2 modulation [24]. The present study provides additional information suggesting that
ENaC may contain different binding sites for different APs. Our data from lipid-protein overlay
experiments showed that all three ENaC subunits can bind to most APs. The negative charges
appear to be necessary because pretreatment of PIP Strips with positively charged poly-L-
lysine was able to abolish ENaC binding to APs. However, the structure of lipid head group
is also important because PI does not bind to ENaC, whereas PS, which has a head group
different from PI, can significantly bind to ENaC, even though PS also contains one negative
charge. However, the rank order of binding affinities of APs to ENaC does not always reflect
their ability to regulate ENaC. One example is that among APs, PI(3,4,5)P3 has the lowest
binding affinity to ENaC, but is the most potent AP in stimulating ENaC. Another is that among
APs, PS has the highest binding affinity to ENaC, but only maintains ENaC activity. Moreover,
the physical interaction between ENaC and PA can even produce an effect that is opposite to
the effect of PI(4,5)P2 and PI(3,4,5)P3 on ENaC activity, as discussed below.

Like PS, PA also contains a negatively charged phosphoric residue and can significantly bind
to ENaC. However, unlike PS, PA does not have a similar head group structure and strongly
inhibits ENaC. Taking these data together with results from the lipid-protein overlay assay, we
argue that the head groups of APs are very critical to their roles in regulating ENaC, even
though negative charges are also required. Since PA binding domains are quite different from
PS-binding domains [29], the possible different binding sites for PA and PS in ENaC subunits
may also account for their opposite effects on ENaC activity. Previous studies reported that
PA stimulates KATP channels [8]. This report should not dim the present finding that PA inhibits
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ENaC because PA stimulates KATP channels by reducing the sensitivity of the channel to ATP.
Moreover, the direct effect of PA on KATP channel gating is to reduce its open time [8], which
is actually consistent with the effect of PA on ENaC open probability.

Regulation of ENaC by these APs has both physiological and pathological significance.
Inhibition of ENaC due to a decrease in membrane PI(4,5)P2 may account for a feed-back
suppression of sodium absorption in distal nephrons via paracrine release of ATP [21]. As we
have recently reviewed [15], excess suppression of ENaC activity via this pathway may
participate in the pathogenesis of polycystic kidney diseases. In contrast, the stimulation of
ENaC due to an increase in membrane PI(3,4,5)P3 may be involved in acute systemic volume
recovery in response to hypovolemic challenge [15]. Although our results show that PS only
maintains ENaC activity, such a maintenance is important because we have shown that TNF
α inhibits ENaC by causing PS externalization from the inner leaflet of the apical membrane,
which consequently reduces the interaction between ENaC and PS [3].

The present study provides the first evidence showing that PA, as a downstream signaling
molecule of endothelin receptors, inhibits ENaC. Although activation of PLD produces not
only PA but also choline [2,14], we have shown that choline does not affect ENaC activity
[3]. The inhibition should not be caused by a reduction of PC itself because we have already
shown that PC does not affect ENaC activity [18]. Thus, it is the formation of PA that mediates
inhibition of ENaC by endothelin receptor signaling. The present study also shows that
inhibition of PLD with 1-But can only attenuate but not abolish the effect of ET-1 on ENaC
activity, indicating that other pathways is also involved. This is not surprising because in
addition to PLD, ET-1 also activates phospholipase C [1,2], an enzyme which inhibits ENaC
by reducing the levels of PI(4,5)P2 [17,18,22]. Stockand and colleagues have recently shown
that ET-1 inhibits ENaC also via a pathway associated with SRC and MAPK1/2 [6].
Furthermore, it has also been suggested that nitric oxide is involved in ET-1 regulation of
sodium absorption in distal nephrons [27]. These pathways together promise a very potent
inhibition of ENaC by endothelin receptor signaling in distal nephrons.
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Fig. 1.
Each individual ENaC subunit expressed in HEK293 cells binds to most anionic phospholipids.
a A diagram for lipid-protein overlay experiments, as described in “Materials and methods”.
b HEK293 cells were transiently transfected with ECFP-tagged rat α-ENaC (α-rENaC-ECFP),
EYFP-tagged rat β-ENaC (β-rENaC-EYFP), or DsRed-tagged rat γ-ENaC (γ-rENaC-DsRed).
PIP Strips were respectively incubated with protein extracts from cells expressing each
construct. α-rENaC-ECFP (left) and β-rENaC-EYFP (middle) were detected with anti-green-
fluorescent protein antibody, while γ-rENaC-Red (right) was detected with anti-DsRed
antibody. The data represent three experiments showing similar results
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Fig. 2.
The αβγ ENaC complex natively expressed in H441 cells also binds to most anionic
phospholipids. PIP Strips™ were incubated with protein extract from H441 cells endogenously
expressing ENaC subunits (α-, β-, and γ-hENaC) either in the absence (a) or in the presence
of either the antigen peptide (b) or 10 μg/ml poly-L-lysine (c), and then detected with antibodies
to human α-(left), β-(middle), and γ-ENaC (right) subunits, respectively. The data represent
four experiments showing similar results
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Fig. 3.
Phosphatidylserine (PS) maintains ENaC activity in inside-out patches. a ENaC single-channel
current before and after addition of saline (as a control) to the “cytoplasmic” bath. b–d ENaC
single-channel current before and after addition of phosphatidylinositol (PI) (50 μM), PI(4)P
(50 μM), or PS (50 μM) to the “cytoplasmic” bath, respectively. In this figure and the following
figures, mean ENaC Pos before (−3 to 0 min) and after each experimental manipulation (0–3
min and 3–6 min) were listed under each representative single-channel trace. e Percent change
in ENaC Po (3–6 min after additions of saline (Con), PI, PI(4)P, or PS versus −3 to 0 min before
each addition)
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Fig. 4.
Stimulation of ENaC by phosphatidylinositol (PI) (4,5)P2 and PI(3,4,5)P3 in inside-out patches
is dependent on negative charges. a, b ENaC single-channel current before and after addition
of PI(4,5)P2 (50 μM) to the “cytoplasmic” bath either alone or in the presence of 10 μg/ml
poly-L-lysine. c, d ENaC single-channel current before and after addition of PI(3,4,5)P3 (50
μM) to the “cytoplasmic” bath either alone or in the presence of 10 μg/ml poly-L-lysine. e
ENaC single-channel current before and after addition of poly-L-lysine alone. f Percent change
in ENaC Po (3–6 min after additions of PI(4,5)P2 and PI(3,4,5)P3 in the absence or presence
of poly-L-lysine (poly-L-lysine alone serves as a control) versus −3 to 0 min before each
addition)
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Fig. 5.
Phosphatidic acid (PA) inhibits ENaC in inside-out patches. a, b ENaC single-channel current
recorded before and after addition of either saline (as a control) or PA (50 μM) to the
“cytoplasmic” bath. c Percent reduction of ENaC Po (3 to 6 min after addition of PA versus
−3 to 0 min before the addition)

Zhang et al. Page 15

Pflugers Arch. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Endothelin-1 (ET-1) induces phospholipase D (PLD)-dependent inhibition of ENaC in cell-
attached patches. a, b ENaC single-channel current before and after addition of either saline
(as a control) or ET-1 (20 nM) to the basolateral bath. c ENaC single-channel current before
and after addition of ET-1 (20 nM) to the basolateral bath in the presence of 1% 1-butanol (1-
But). d Percent reduction of ENaC Po (3 to 6 min after additions of either saline or ET-1 in the
absence or presence of 1% 1-But versus −3 to 0 min before each addition)
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Fig. 7.
Endothelin-1 (ET-1) induces translocation of phospholipase D (PLD) to the apical membrane.
a Under control conditions, PLD (green fluorescence) was sporadically localized in the
cytoplasm of A6 cells. b After the cells were basolaterally treated with 20 nM ET-1, PLD
accumulated near the apical membrane. c In contrast, no green fluorescence was detected when
the cells were incubated with the fluorescent secondary antibody alone. In a–c, nuclei were
stained with Hoechst 33258 trihydrochloride, shown in blue. Confocal microscopy XY
scanning was performed across A6 cell monolayer on the edge of folded filter (see “Materials
and methods”). The figure represents three experiments showing similar results
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