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ABSTRACT: Liddle’s disease is an autosomal dominant form of human hypertension resulting from a basal
activation of amiloride-sensitive Nachannels (ENaC). This channel activation is produced by mutations

in the 5- and/ory-carboxy-terminal cytoplasmic tails, in many cases causing a truncation of the last
45—76 amino acids. In this study, we tested two hypotheses; firsindy-ENaC C-terminal truncation
mutants Bac and yac), in combination with the wild-typex-ENaC subunit, reproduce the Liddle’s
phenotype at the single channel level, i.e., an increase in open probd®jitarid second, these C-terminal
regions off3- and y-ENaC act as intrinsic blockers of this channel. Our results indicateothaty ac-

rENaC, incorporated into planar lipid bilayers, has a significantly higher single chpreimpared to

the wild-type channel (0.85 vs 0.60, respectively), and that 30-mer synthetic peptides corresponding to
the C-terminal region of eithet- or y-ENaC block the basal-activated channel in a concentration-dependent
fashion. Moreover, there was a synergy between the peptides for channel inhibition when added together.
We conclude that the increase in macroscopic¢ Mabsorption that occurs in Liddle’s disease is at least

in part due to an increase in single changhnd that the cytoplasmic tails of tife andy-ENaC subunits

are important in the modulation of ENaC activity.

Despite intensive investigation, the primary determinants channels, and indicate heterogeneity of this disease (see refs
of hypertension remain unknown in the overwhelming 9—11 for discussion).
majority of affected individuals. The identification of the All of the aforementioned mutations introduced premature
cause of hypertension in any given individual is confounded stop codons or frame-shift mutations in the segments
by the multifactorial nature of this disease. However, it has encoding the cytoplasmically located C-termini of eitffer
been estimated that anywhere from 20 to 60% of the ory-ENaC, effectively eliminating the terminal 456 amino
population variability in blood pressure is genetically deter- acids. Expression of truncatg## or y-ENaC subunits in
mined (—3). Liddle’'s syndrome is a form of autosomal Xenopusocytes with normak-ENaC produced a markedly
dominant, low renin, volume expanded, salt-sensitive hy- enhanced amiloride-sensitive sodium current as compared
pertension. The basic clinical features of this syndrome to oocytes injected with wild-type (WT-, 3-, v-rENaC
(pseudohyperaldosteronism) were first described in an Ala- (12—14). Two mechanisms have been suggested that could
bama family in 19634). The original patient developed renal account for the increased macroscopic current: elevated
failure in 1989 and underwent successful renal transplantationsurface expression of channels8( 15-17), and a defect in
(5). The subsequent resolution of the patient’s hypertensionthe channel gating mechanism such that the channel stays
supported Liddle’s original contention that this disorder open most of the timel®, 19. Recent studies usintf-
resulted from a greatly enhanced ability of the kidneys to labeled M2 anti-FLAG antibody bindingl®) or immuno-
reabsorb salt. Further support for this idea came from clinical fluorescenceZ0) in ENaC-expressing oocytes revealed that
observations that the hypokalemia and hypertension associ-one mutation akin to that found in Liddle’s disease, namely,
ated with Liddle’s syndrome could be alleviated with S-rENaC subunit R564X, produced a small increase in
triamterine or amiloride therap). Genetic linkage studies  channel surface expression, but not enough to account for
identified the causal mutation of this hypertensive disease the increased macroscopic currents.
to exist in thef subunit of the recently cloned amiloride- Using planar lipid bilayers, we have tested the hypothesis
sensitive Na channel, ENaC7). Subsequently, mutations that the single channel characteristicswef3-, andy-ENaC
in the y subunit of this channel have also been not®d (  could be modified to reproduce the Liddle’s phenotype, i.e.,
these mutations also produce basal activation of theseenhanced Nachannel activity. We also aimed to elucidate
the nature of the regulation that theandy-ENaC C-termini
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channel open probability and that 30-mer peptides con-
structed from the C-terminal tails of either of these subunits
can effectively reduce single channel open probability by
“locking” the channel in its closed state. Importantly, there
appears to be a synergy between the actions ofithend

y- peptides: when present in solution together, the inhibition
was greater than that produced by the individual peptides
themselves. Therefore, we conclude that the terminal cyto-
plasmic carboxy tail of thg- andy-ENaC subunits act in
concert as an inactivation peptide by binding to an internal Wavelength (nm)

region of the Na channel and closing the channel. However, ) 5 .

the inhibition of the channel by these peptides is distinctly rya dissohod In 39 vt FIPOL buler. .0 ang ok 7.6, Fhe
different than the “ball and chain” model originally proposed spectra were measured at5in a 0.1 mm cell. The CD spectrum
for blockade ofShaker K channels 21, 22, in that the of SRy was very similar.

peptides are not acting as open channel blockers.

pH 2.0
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pH 7.0

.

200 220 240 260

Planar Lipid Bilayers.The methodology used in the planar
lipid bilayer experiments has been described in detail
previously (8, 28. In brief, bilayer membranes were made
from a mixture of 2:1 (wt/wt) diphytanoylphosphatidyletha-
nolamine:diphytanoylphosphatidylserine in octane (final
concentration 25 mg/mL). The membranes were painted with

MATERIALS AND METHODS

Circular Dichroism Spectroscop¥ar-UV circular dichro-
ism (CD) spectra of peptides were recorded on an AVIV
62DS spectropolarimeter at 2&. Data points were taken
every 0.5 nm usip a 1 saveraging time and 1.5 nm aglass rod over a 200m hole drilled in a polystyrene cup.
bandwidth. Peptide concentrations were 200in 30 mM The standard solution that bathed both sides of the mem-
K,HPQO, buffer, pH 7.0. Ten scans were averaged for sample branes was 100 mM NaCl, 10 mM BHmorpholino)-
and buffer spectra, which were obtained with identical propanesulfonic acid (MOPS), pH 7.4. All potentials are
parameters. The peptide spectra were obtained by baselingeferred to the trans chamber, which was connected to the
subtracting the buffer spectrum, and then the spectrum wasinput stage of the currentvoltage converter. Data analysis
converted to mean residue ellipticity in degdmol? (23). was performed as previously describét®31). In vitro
Secondary structure calculations were performed usingtranscription of individuab.-, 5-, or y-rENaC subunits was
PROSEC (AVIV Instruments; Lakewood, NJ) based on the performed as previously describe@9¢31). All ENaC

method of Yang and co-workerg4).
Steady-State Fluorescence Measuremesdution fluo-

cDNA constructs were kind gifts of Drs. Cecilia Canessa
(Yale University) and Bernard Rossier (Universitde

rescence measurements were made on a PTI M-series-ausanne). Proteoliposomes containing the transcribed sub-

spectrophotometer at 2« in a buffer containing 0.1 mM
NaCl and 10 mM Tris-HCI (pH 7.4). The excitation
wavelength was 275 nm wviita 2 nmband-pass. The band-

units were made as described9{-31). Liposomes were
subsequently fused to the lipid bilayer for recording single
channel current. In most of the experiments reported in this

pass for emission was 3 nm. Quantum yields of tyrosine in paper, liposomes were pretreated with 24 DTT for 2
peptides were determined by a comparative method, usingmin, washed, and then subjected to two freetraw cycles
L-tyrosine as a standard with its quantum yield assumed tofollowed by a brief (30 s) period of sonication. Under these
be 0.21 25). Quantum yieldsd) were calculated according circumstances, a single conduction unit was observed, thus
to the formula simplifying the data analysis procedure (see R&and31
and below for discussion of ENaC single channel kinetics).

g=0{I(1 — Tyl — T)] The experiments were also performed on non-DTT-treated

vesicles with essentially comparable outcomes.

whereq is quantum yield of -tyrosine, andl = 10 4, where RESULTS
A is absorbance at the wavelength of excitation. Spectral
absorbance was measured using a Beckman DU-40 spec- Interaction between C-Terminal Peptides in Solutids.
trophotometer. The absorbances were corrected for lighta prelude to testing the hypothesis that the C-terminal
scattering by extrapolation of the scattering/wavelength plot domains of3- andy-ENaC interact with each other, circular
(26, 27). Where necessary, corrections for inner filter effects dichroism (CD) spectroscopic studies were performed to
were also made. determine if3- and y-ENaC C-terminal peptides adopt a
Peptide SynthesisAll peptides were synthesized by defined structure in aqueous solution. The CD spectra of the
Research Genetics (Huntsville, AL). They were purified by 30-mers-hENaC peptide (30 mM KHPQ,) at pH 2.0 and
reversed-phase, high-performance liquid chromatography to7.0 are displayed in Figure 1. Comparable spectra were
a purity of >90%. All purified peptides were analyzed for measured for the Sk peptide (not shown). These spectra
amino acid composition by mass spectroscopy. The primarylack a strong negative band centered between 190 and 200
amino acid sequences of the peptides used in this study werenm that is characteristic of peptides and proteins in the
SPy3, SMPIPGTPPPNYDSLRLQPLDVIESDSEGDAY, unfolded state43). Instead, the spectra displayed a weak
SRy, 2PGTPPPKYNTLRLERAFSNQLTDTQMLDEE*®, minimum at 200 nm and positive band centered at 185 nm
Pro-SRy5, S*'PPPGTPPPNYDSLRLQPLBPESDSEGD- (pH 2.0). Using proteins as a basis for evaluation, the
AD®0 and Asp-Sky3, SM'PDPGTPPPNYDSLRLQPLD- intensity of the negative band is more consistent with CD
DDESDSEGDAD. spectra associated with d@lsheet proteins23, 32. How-
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0.18 i i 6 Table 1: Fluorescence Spectra of C-Terminal 30-ffeand
016 y-hENaC Peptidés
' ds peptide g (quantumyield) 9% decrease number
0.14 - 2 SPy3 (100uM) 0.072+ 0.001 4
P SPsgy (100uM) 0.074+ 0.001 4
o 012F 40 SPy3 (50uM) + 0.065-+ 0.001 11.0 4
o < SPyy (504M)
5 0.10F o Pro-SRq3 (100uM) 0.0714 0.001 3
2 43 0 Pro-SRy3 (50uM) + 0.0674+ 0.001 7.6 3
S 0.08 - & SPygy (50u4M)
a © Asp-SRq3 (100uM) 0.065+ 0.001 3
< 508 L 42 © Asp-SRy3 (50uM) + 0.067+ 0.001 3.6 3
; o SPsoy (50 uM)
0.04 ) o aPercent decrease in average quantum yield was calculated in
1 comparison to the respective wild-type peptide. For the mixtures, the
0.02 & meanq for the appropriate individual peptides was used as the standard.
0.00 | { NN | | 0
260 280 300 320 340 360 was 11% smaller than either of the peptides. This quenching

of tyrosine fluorescence is additional support of an interaction

Wavelength, nm between theg andy peptide. NMR studies of the peptides

FicURe 2: Absorbance and tyrosine fluorescence spectra of peptidesgjgne and as a mixture suggested that they were rapidly
comprising C-termini ofs andy subunits individually and in a 1:1

B + v peptide mixture. Absorbance spectra corrected for light tumbling and quite flexible in solution. The data precluded
scattering (dashed lines) and fluorescence spectra (solid lines) of2 more detailed structural analyses due to lack and/or

(1) 100uM SPsq5; (2) 100uM SPsy; (3) 50uM SPsg5 + 50 uM
SPyy; and (4) 100uM L-tyrosine. All spectra were measured in
0.1 mM NaCl, 10 mM Tris-HCI (pH 7.4) and were repeated a
minimum of 3 times.

weakness of observable dipolar interactions.
Peptide Inhibition of Basal-Aatated afiacyac ENaC in
Planar Lipid Bilayers.Functional experiments were per-

formed next to test directly the hypothesis that the C-terminal
ever, there are some examples offafiroteins (e.g., elastase) peptides could individually block basal-activated ENaC and
that display negative bands near 200 nm, which make that these peptides could interact with each other. These
deciding between unfolded proteins and /allproteins experiments employed an experimental design based on the
difficult (33). The secondary structure content estimate of finding that the concerted gating of ENaC could be disrupted
the 30-mep-hENaC peptide was 65%sheet structure, 30% by S—S bond reduction with the sulfhydryl reagent dithio-
unordered, and 5% helical turns using the methodology of threitol (DTT) (29, 30). The experimental protocol consisted
Chang et al. Z4). When the peptide was placed at pH 7.0, of reduction of disulfide bonds with DTT prior to reconsti-
a small decrease in the 185 nm band and increase in negativéuting the channels into proteoliposomel) When the
amplitude of the 200 nm band occurred. This is consistent proteoliposomes containing ENaCs were formed in the
with slightly lessfS-sheet structure (about a 5% decrease) presence of 25M DTT using a sonication/freezehaw
and slightly more unordered structure. procedure, the resulting channels had perfectly uniform
If both SRy and SRy in solution adopt as-sheet conductances of 13 pS and were equally sensitive to the
structure, it is plausible to hypothesize that the fiveheet diuretic amiloride (Figure 3A). These observations were
structures can interact with each other. This idea was testednterpreted as indicating that, following-$ bond reduction,
directly in a series of absorption and fluorescence experi- the - and y-rENaC subunits did not impose an obvious
ments in which the spectral properties of individuakgP modulatory action on an individual conduction element
and SRy peptides were compared with those from a mixture (formed by thex-ENaC subunit alone). Experiments testing
of the peptides (Figure 2). The absorption spectra of the this interpretation are shown in Figure 3B. Independent of
single tyrosine in both peptides (Tyr 620 inggPand Tyr DTT treatment, all channels composed of the \WTand
627 in SRyy) were indistinguishable from each other (curves C-terminal truncate@- andy-rENaC subunits (i.eqfacy,
1 and 2, left panel). An equivalent mixture of the two ofyac, andofacyac) displayed a significantly higher open
peptides showed an increase of over 50% in the peakprobability (P, = 0.85 versus?, = 0.63+ 0.07 for the all
absorbance (curve 3). Because the tyrosine absorption bandVT channels), thus producing a basal-activated &tannel.
is ann — z* transition, the increased absorbance observed It therefore appears likely that in a 1:1:1 mixture, @&| -,
with the mixture suggests that the tyrosine in one or both andy-ENaC subunits associate forming functional o-,
peptides experienced a less polar environment. Such anmy-, afy-channels. However, becausgy-rENaC domi-
environmental change supports the idea of an interactionnates, these results suggest a cooperative association among
between the two peptides. The fluorescence spectra (rightindividual a-, 8-, and y-rENaC subunits when all three
panel) of the individual peptides and their mixture had a proteins are physically present. Moreover, because the
maximum (303 nm) similar to that of-tyrosine. The constitutively activated phenotype dominated in all the
spectrum for the mixture (curve 3) displayed a considerably experiments with C-terminally truncatgd and/ory-ENacCs,
higher intensity than either of the two peptides (curves 1 the heterooligomeric association ef, -, andy-subunits
and 2). This apparent higher intensity was consistent with a must be cooperative when at least two out of three individual
larger absorbance of the sample at the excitation wavelengthsubunits are present. These results support the hypothesis
The quantum yields of these samples are summarized inthat the C-terminal-located, negatively charged domains of
Table 1. The quantum yield for thg - y) peptide mixture - and y-ENaC subunits interact with each other, thus
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P,=0.63%0.05 (n=7)
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P,=0.60£0.08 (n=5) P,=0.33£0.04 (n=5)
B. P,=0.93%0.08 (n=5) P,=0.43+0.05 (n=5)

P,=0.44+0.04 (n=5)

P,=0.42x0.04 (n=86)

Time (s)

Ficure 3: Single channel recordings and effect of amiloride on rENaC constructed of different combinations of wild-type subunits (A) and
WT a-ENaC plus C-terminally truncatggland/ory (B). In vitro translated individual ENaC subunits were reconstituted into proteolyposomes

in combination, as indicated in the figure in the presence @fMMDTT, and incorporated into planar lipid bilayers bathed with symmetrical
solutions of 100 mM NaCl and 10 mM Tris-MOPS (pH 7.4). The holding potential &80 mV, and the dotted lines indicate zero
current. The records shown were filtered at 100 Hz, and are representative of at least five separate experiments. Amildvijievéd.3
added to the trans compartment to verify the identity of the channels.

af, . 7,~.—rENaC
Control acTAC 200 uM SPy,8

P,=0.89

P,=0.86 - W P,=0.57

Control 100 uM SP3,8+100 uM SP54y

P,=0.85

100 mM NaCl

+100 mV
n=4

Ficure 4: Effect of C-terminalg and/ory peptides omSacyac-rENaC in planar bilayers. Recording conditions and bathing solutions
were the same as described in Figure 3. The 30-mer C-terminal peptides with sequences identical to the last 30 aming- arids of
y-rENaC were added to the cis (or presumptive “cytoplasmic”) side, separately{@por together (10QuM S peptide+ 100 uM y
peptide). These experiments have been repeated at least four times each with identical results.

forming an intrinsic gating mechanism withéggy-rENacC. peptide ofy-ENaC, inhibit basal-activated Nachannels
Experiments directly testing this hypothesis were based immunopurified from lymphocytes of patients affected with

on our previous findings that a 10- or 30-amino acid carboxy- Liddle’s disease8, 39. Either of two negatively charged

terminal peptide of-ENaC, and a 10-amino acid C-terminal 30-mer synthetic peptides comprising the C-terminjSef
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Ficure 5: (A) Effect of increasing concentrations of gfterminal peptide on kinetic properties afiacyac-rENaC in planar bilayers.
Experimental conditions were identical to those indicated in the legend to Figure 3. Representative dwell time histograms were constructed
from event analyses using pCLAMP software (Axon Instruments) on single channel recordings of at least 3 min duration (300 Hz filtering
with an acquisition rate of 1 ms/point). Event detection thresholds were set at 50% of the current transition between open and closed states,
and 3 ms in duration. The bin widths in the closed and open time histograms were 5 and 10 ms, respectively. Time constants were determined
from either a single or double exponential fit of the data. Similar results have been seeS8fgrand the combination gf andy peptides

(not shown). These experiments were repeated four times for each peptide or mixture of peptides. (B) Effect of combinafiirantiSP

SPyy on kinetic properties ofiSacyac r-ENaC in bilayers.

and y-rENaC (SBy3 and SRyy) decreased single channel truncateds andy subunits ¢Sacyac-rENaC), but only when
open probability, but not the conductance, of basal-activated added to the cis (i.e., “cytoplasmic”) bathing solution (Figure
channels composed of wild-type-ENaC and C-terminal  4). Addition of 500uM of either peptide to the trans bathing
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Ficure 6: Lack of an effect of C-terming andy peptides on WToSy-rENacC in planar bilayers. Experimental conditions were identical

to those indicated in the legend to Figure 3. Records shown are sequential and representative of at least 3 experiments with additions made
as shown in the figure. Open and closed dwell time histograms are shown to the right. The bin widths in the closed and open time histograms
were 5 and 25 ms, respectively. Similar results have been seen when changing the order of addlitiandopeptides (not shown).

solution ofaSacyac-fENaC-containing bilayers was without  of afSacyac-rENaC; top trace). Channel mean open timg (

effect ( = 4 for each, data not shown). The individyl or the meantime of the first closed state)(was not
and y- peptides inhibited these channels with essentially affected by these peptides.
equal efficacy (34.8t 6.0% for 200uM SP;¢5 and 33.7+ If the hypothesis that the carboxy-terminal regions of the

5.1% for 200uM SPsy). However, the inhibitory effect of - andy-ENaC subunits act as channel-gating particles is
these peptides oofcyac-fENaC was more than additive  correct, exogenou$- and y-hENaC peptides individually
in a 1:1 (100uM total SP concentrationp + y mixture or in combination should not block wild-typeSy-rENaC
(69.4+ 7.2%; bottom trace). This observation is consistent because of the presence of the intrinsic carboxy ternfinal
with an interaction between thgandy peptides and is in  andy subunit regions within the functional channel complex.
concordance with the intrinsic tyrosine fluorescence mea- This prediction was tested, and the results are shown in
surements presented earlier (Figure 2). Figure 6. Neither the individual peptides nor a combination
The degree of peptide inhibition was compared at different of 100 uM SPs¢5 plus 100uM SPsgy produced any effect
concentrations of the individual &8 and SRy peptides on the WTafy-rENaC. Dwell time histogram analysis of
alone and in a 1:1 mixture for channels composed of WT these single channel data indicated that the time spent by
o-rENaC and3ac andyac-rENaC (Figure 5). The inhibitory  wild-type afy-rENaC in its closed state was distributed as
effect of both SBy (Figure 5A) and SRy (data not shown)  a double exponentiakf = 21+ 6 ms, andry = 260 £+ 39
on basal-activated ENaC was concentration dependent.ms). The open time histograms efy-rENaC could be fit
Second, open, and closed time histogram analyses of thesé¢o a single exponentiak{ = 140 + 35 ms). These values
data revealed that these peptides induced the appearance afere not affected by the addition of either one of the
a second closed state (as compared to the single closed statedividual peptides or their mixture.
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Ficure 7: Effect of Pro- and Asp-substituted C-termigfapeptides (Pro-Sig3 and Asp-SBy3) individually or in combination with the
authenticy peptide onafBacyac-rfENaC activity in planar bilayers. (A) Single channel recordings. Conditions were the same as in Figure
3. Each experiment was repeated at least four times, with similar results. (B) Bar graph summary.

We next performed experiments to test the hypothesis thatin mixtures of these substitut@dhENaC peptides with wild-
the synergy of inhibition produced by the simultaneous type SRgy peptide, as compared to mixtures with wild-type
presence of both thg- andy-hENaC C-terminal peptides  SPsy3- and SRy peptides (Table 1). Plotting 4/(z¢ is the
resulted fromB-sheet formation between the two peptides. mean closed time of the second closed state) versus peptide
We designed peptides corresponding to tisehENaC) concentration (Figure 8) indicated that the major effect of
C-terminal sequence in which the strofiesheet forming these peptides was to “lock” the channel in a second closed
amino acids isoleucine (I) and valine (V) were substituted state (now resembling the wild-type channel) and that there
by either proline (P) or aspartic acid (D), bothsheet was a synergy between tifie andy-peptides in producing
breaking amino acids. In single channel experiments, thesethis effect.
substituted3-hENaC peptides were unable to inhibit basal-
activated Na channels (Figure 7). Moreover, combinations DISCUSSION
of either substitute@-hENaC peptides (Pro-34p or Asp- The defining characteristic of Liddle’s hypertension is the
SPR;B) with wild-type SRoy peptide resulted in an inhibition  basal-activation of an amiloride-sensitive sodium channel,
essentially identical to the individual & curve. In addition, ENaC. Expression of the Liddle’s phenotype has been linked
the decrease in tyrosine fluorescence quantum yield was lesso mutations in the C-terminal cytoplasmic tail of tige
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distinction between these mechanisms can be made on the
s basis of kinetic analyses at different concentrations of
antagonist41, 49. The case of ENaC with two antagonists
(8- andy-peptide) may even be more complex in that both
peptides may be binding to the same site (within or outside
the pore itself) or, alternatively, one peptide (eitffeor y)
may act via occlusion of the conduction pathway while the
other may interact at a different site, perhaps increasing the
efficiency of the inhibition. If either of the peptides separately
or in combination were occluding the pore, then the inhibition
would appear as a dose-dependent decrease of the channel
open or burst time, assuming the blockade was slower than
the gating kinetics41, 42. In contrast to these predictions,
analyses of the open and closed time histograms constructed
0 500 from recordings of these channels in the presence of
[Peptide] (uM) increasing peptide con_c_enftrations demonstrated that the
decrease in open probability in the presence gfE8 SRgy
FiGURE 8: Reciprocal plot (&) of the second closed state dwell separately or together was due to changes in distribution of
time (z¢) versusf or y andf andy blocking peptide concentra-  time spent by the channel in the closed, but not in the open
tion. Data points represent mean valuesl SD for four experi-  gtate At all concentrations examined, addition of the peptides
ments. Control peptides (a 14-mer identical to the last amino acids . . A
of CFTR and a random 26-mer peptide were without effect, not resulted in a second S_IOW Component in the d'St”bl_Jt'on of
shown). the channel closed timer'(), in contrast to the single
exponentially distributed closed time @fiacyac-rENaC in
subunit of ENaC, although mutations in the C-terminal of the absence of peptides. Importantly, the peptides did not
the y subunit also give rise to a Liddle’s-like hypertensive affect the duration of channel mean open timg 6r the
state(7, 8, 13, 14, 35-39). The originally identified mutation ~ burst time ¢wuss data not shown). The faster component of
(insertion of a premature stop codon at arginine 564) the channel closuresry also remained constant at all
produces an increased macroscopic darrent in heterolo- peptide concentrations. Thus, the peptides do not act as open
gous expression systems. This increased macroscopichannel blockers; the major effect of these inhibitory peptides
amiloride-sensitive Nacurrent has been postulated to result was to “lock” the channel in a closed state. On the basis of
from an altered ENaC with an increased open probability these findings, we conclude that the gating mechanism of
and/or the presence of more channels at the cell's surfaceay-ENaC is rather different from the “ball-and-chain”
Another hypothesis suggests that mutations in ENaC produc-mechanism that served as a prototype for these studies.
ing Liddle’s disease inhibit feedback inhibition of the channel =~ The present experiments extend our initial observations,
by intracellular Na (40). Otherf subunit mutations resulting  directly testing the hypothesis that truncafedr y-rENacC,
in C-terminal truncations also lead to a hypertensive pheno- combined with wild-typex-rENaC in planar lipid bilayers,
type, as do several recently identified point mutations in the produces a basal-activated channel. Moreover, we found that

C-terminus (P616L and W594H; see r&s and 39). peptides comprised of the last 30 amino acids of either the
We have previously observed that synthetic peptides - or y-hENaC subunit can inhibit this basal-activated
comprising the last 10 amino acids of eith#r y-hENaC, channel. As indicated above, the last 10 amino acids within

B-rENaC, or the last 30 amino acids@hENaC, can inhibit ~ the sequence of the synthetic peptides contain 3 or 4
the basal-activated Nachannel immunopurified from the  negatively charged amino acids (aspartic or glutamic acid).
lymphocytes of Liddle’s patientsl8, 34. Examination of Although replacement of negatively charged residues in these
the peptide sequences of tffie and y-blocking peptides  short blocking peptides produced a noninhibitory peptide, it
reveals that these peptides contain several negatively chargedhay not be only the charges themselves that are important,
residues interspersed by neutral hydrophobic amino acids.but also the ability that these peptides have to forfhsheet
In contrast, synthetic peptides that contained negative structure. As a mature ENaC requires the expression of an
residues in a different sequence or where the negativeofy subunit complex and as only thg- or y-ENaC
residues were changed to neutral glycines were ineffective C-termini can form g-sheet structure and act as inhibitory
as blockers of ENaC. Moreover, the terminal 10 or 30 peptides, we tested the hypothesis that the putative gating
residues ofa-hENaC did not block the channel. Thus, the particle could be comprised of a two-strand, antiparadlel
C-terminal tail of boths- andy-hENaC subunits may act as  sheet, each half of which would be contributed by the
intrinsic gating particles of ENaC, reminiscent of the C-terminal tail of the5 andy subunit. In partial support of
behavior of the 20 amino acid region at the Nelrminal of this hypothesis, we found that the effects of adding the
voltage-activated K channels 21, 22, 41, 42 C-terminalf- andy-hENaC 30 amino acid residue peptides
In this regard, the ball-and-chain model proposedkior together to the basal-activated ENaC channel incorporated
channel gating views the NHerminal as an open channel into a planar lipid bilayer produced a greater-than-additive
blocker, i.e., the last 20 amino acids act as a “cork”, inhibition of the channel than either peptide alone. These
occluding the pore. An alternative mechanism is one in which peptides could not inhibit Nachannels comprised of wild-
the binding site is distinct from the pore proper and inhibition type afy-rENaC, channels in which the carboxy terminal
occurs via conformational changes of the channel super-3- andy-tails are present. In further support of this idea, the
structure due to allosteric effects of the antagori8}.(The amino acids isoleucine and valine were replaced by the
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pB-sheet breaking amino acids proline or aspartic acid, and

these substitutions resulted in peptides that were unable to

affect basal-activated ENaC.
Although our results strongly suggest that the C-terminal
region of theg- andy-ENaC subunits act as intrinsic gating

Ismailov et al.

8. Hansson, J. H., Nelson-Williams, C., Suzuki, H., Schild, L.,
Shimkets, R., Lu, Y., Canessa, C., lwasaki, T., Rossier, B.,
and Lifton R. (1995aNature Genetll, 76-82.

9. Warnock, D. G. (1996). Am. Soc. Nephrol.,2490-2494.

10. Rossier, B. C. (1997). Am. Soc. NephroB, 980-992.
11. Warnock, D. G. (1998Kidney Int. 53 18—24.

particles, these results do not speak to the issue of whether 12, schild, L., Canessa, C. M., Shimkets, R. A., Gautschi, .,

a trafficking event (i.e., increased cell surface delivery or
decreased rate of channel endocytosis) is also involved in

Lifton, R. P., and Rossier, B. C. (199Bjoc. Natl. Acad. Sci.
U.S.A. 925699-5703.

the increased macroscopic currents seen in heterologous 13- Snyder, P. M., Price, M. P., McDonald, F. J., Adams, C. M.,

expression systems. In fact, recent work of several groups
suggests that the WW binding domain-rich intracellular
protein Nedd4, which also contains a ubiquitin ligase domain,
binds specifically to a proline-rich region in the C-terminus
of both thes- andy-ENaC subunits. Absence of this region

has been shown to greatly affect surface expression of this

channel {5, 17, 38, 4% Thus, we propose that both
mechanisms, namely, an increasePiand an increase in

channel surface expression, may be operative, and different

mutations, e.g., truncation versus point mutations, may result
in a predominance of one mechanism over the other.

However, very few single channel measurements have been

made on channels containing these mutations to either
confirm or refute this hypothesis.

Because thex subunit forms the conduction region of
ENaC (see ref28and45and Figure 3), the manner in which
the C-terminal tails of- andy-ENaC interact with the inner
mouth region of the pore in the conductigesubunit of
ENaC will yield insights into the regulation of channel gating,
precisely that property of channel behavior that at least in
part is responsible for Liddle’'s hypertension. Because
o-ENaC itself can form a functional Nachannel, there must
be a yet unknown intrinsic gating mechanismorENaC
alone. It has been hypothesized that the N-terminus of the
a-subunit may be important in this rega@Bj. Because the
overall gating properties ai-ENaC versusysy-ENaC do
not differ (see Figure 3) and because the elimination of the
cytoplasmic C-terminal tails of either or both of tfieand
y-ENaC subunits substantially increase single changel P
(Figure 4), there must be at least two separate gating
processes: one inherent@sENaC alone and one imposed
onto the complex by th@g- and y-ENaC C-terminal tails.
The results presented here support such a paradigm.
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