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Abstract. The hypothesis that amiloride-sensitive '"Na been implicated in at least one form of genetic hyperten-
channel complexes immunopurified from bovine renalsion, namely, Liddle’s disease [37]. In spite of the pre-
papillary collecting tubules contain, as their core con-eminence of these channels for'Neomeostasis, there is
duction component, an ENaC subunit, was tested bynuch debate on their biochemical composition and their
functional and immunological criteria. Disulfide bond coupling to various regulatory pathways [3]. Work per-
reduction with dithiothreitol (DTT) of renal Nachan-  formed in our own and other laboratories has identified
nels incorporated into planar lipid bilayers caused a reNa" channel protein complexes from mammalian renal
duction of single channel conductance from 40 pS to 13ubules and amphibian A6 cells [5, 27, 28, 35], rabbit
pS, and uncoupled PKA regulation of this channel. Thealveolar type Il cells [36], and rat lymphocytes [7]. Each
cation permeability sequence, as assessed from bi-ioniof these channel complexes has been functionally recon-
reversal potential measurements, and apparent amiloridsituted into planar lipid bilayer membranes where they
equilibrium dissociation constanK{™) of the N&  display appropriate sensitivity to the diuretic amiloride, a
channels were unaltered by DTT treatment. Like ENaClarger Nd to K™ permselectivity, and an increase in
the DTT treated renal channel became mechanosensitivehannel activity following phosphorylation by protein
and displayed a substantial decreas&#"' following kinase A (PKA) plus ATP. However, the overall bio-
stretch (0.44 + 0.12m versus 6.9 = 1.GuMm). Moreover, chemical composition of each of these channel com-
stretch activation induced a loss in the channel’s abilityplexes is unique and consists of multiple components
to discriminate between monovalent cations, and eveffi3—10].
allowed C&" to permeate. Polyclonal antibodies gener- Recently, an amiloride-sensitive epithelial Na
ated against a fusion protein @ENaC recognized a 70 channel has been cloned from rat distal colon [8, 9],
kDa polypeptide component of the renal Nehannel human lung [26], bovine renal papilla [13{enopuskid-
complex. These data suggest that ENaC is present in theey [32, 33], and mouse lung [10]. The channel encoded
immunopurified renal Nachannel protein complex, and by this clone (termed ENaC, for epithelial Nehannel)
that PKA sensitivity is conferred by other associated pro-consists of three homologous subunits, and+y, with
teins. the conductive properties most probably residing within
thea-subunit [8]. The functions of th andvy subunits
are unknown, but their presence is required for maximal
channel activity, at least in the oocyte heterologous ex-
pression system [9]. In contrast to the aforementioned
biochemically purified Nachannels, the ENaC channel
is not CAMP-activated, but is mechanosensitive [2].
The purpose of the present work was to elucidate the
relationship between the biochemically purified renal

Amiloride-sensitive N& channels play an important role N&" channel and the ENaC clone. We began with the
in Na* reabsorption by the kidney. Dysfunction of hypothesis that the channel complex immunopurified

cAMP-regulatory pathways of these Nahannels has from bovine renal papillary collecting tubules contains as
its central element an ENaC subunit(s). Specific regula-

tory inputs (e.g., sensitivity to PKA-induced phosphory-
- lation) are provided by its associated protein compo-
Correspondence tdD.J. Benos nents. We reasoned that if the channel protein complex
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was disrupted, the resultant single channel propertieby the fact that entire substrate ultrastructure of these channels, i.e., a
should be dissociated from PKA regulation and adoptmai” conductance level with two additional conductance levels, always
ENaC characteristics. Indeed. we found that disulfide®ccurs in multiples of three [18, 19, 22]. The few membranes in which

. . . S . more than one channel was present (5/157) were excluded from anal-
bond reduction with low concentrations of dithiothreitol ysis P ( )

(DTT)_CQmpletely uncoupled channel activity and PKA- Current measurements and data acquisition and analysis were
sensitivity. Moreover, DTT-treatment converted theseaccomplished and performed as previously described [20]. Because the
purified renal N& channels into ones with a relatively single channel open probabilitP{) was very low under the conditions
low conductance. These DTT-treated channels also dig:sed in these experiments, at least 10 min of recording for each con-
played stretch-activation, with characteristics similar todition or perturbation was used for analysis. The catalytic subunit of

cAMP-dependent PKA (final concentration 1.85 ng/ml) was a gift Dr.
those observed fobENaC channels [2]. Gail Johnson, University of Alabama at Birmingham. The dashed line

in each figure represents the zero current level.
Materials and Methods

HYDROSTATIC PRESSUREEXPERIMENTS

IMMUNOPURIFICATION OF RENAL Na" CHANNEL
PrOTEIN COMPLEX A hydrostatic pressure gradienkR) across a channel-containing bi-
layer membrane was imposed by elevating the level of the solution in
Purification of amiloride-sensitive Nachannel protein complexes from —one of the two compartments of the bilayer chamber. Each compart-
bovine kidney papillary collecting ducts was performed as previouslyment initially contained 4 ml of bathing medium, and bilayer formation
described [27]. Excised papillae were homogenized in the presence ¢ind channel incorporation were done under these conditions. Following
protease inhibitors, and membranes were isolated by differential censuccessful channel incorporation and subsequent to acquisition of basal
trifugation, and solubilized using 10MmCHAPS. Solubilized proteins activity, the fluid level on one side was either increased or decreased.
were purified by sequential anion and cation exchange chromatogral© establish the sidedness of the effectAd?, 20 experiments were
phy. The final protein complex was obtained by immunopurification Performed when the pressure gradient was applied fransto cisand
using specific polyclonal anti-Nachannel antibodies. The channel 20 experiments were done when the gradient was direxited trans

purity of this preparation was determined b3H]-methyloromo-  In all 20 ex_pt_eriments in whichAP was trans to cis, an incr_ease in _
amiloride binding as described previously [27], and was greater tharfhannel activity was observed. However, when the gradient was di-
1000 pmoles/mg. rected tocis to trans, the results were less consistent. In four experi-

ments, channd?, increased; in nine experiments, channel activity was

unaffected; in five experimenf, decreased; and in two cases, channel
RECONSTITUTION OFIMMUNOPURIFIED CHANNEL PROTEINS activity was irreversibly lost. In all other cases, the effecth\éf was
INTO LIPID VESICLES AND PLANAR LIPID BILAYERS reversible.

Liposomes into which channel protein was reconstituted were con-
structed as described earlier [28]. Briefly, they were made by passindON SELECTIVITY MEASUREMENTS
purified channel proteins through an Extracti-Gel D column (Pierce) to

remove detergent. The column was equilibrated with 10Na,HPO, Relative cation permeability measurements were based on 3-min re-

plus 0.5% egg phosphatidylcholine. Reconstituted proteoliposomesordings of single channel activity at different holding voltages under

were stored at —80°C until use. biionic conditions, and mean currenty gver this period of observation
Planar lipid bilayers were composed of a mixture of 2: Wa{w) at each voltage were used to construct current-voltage curves. The

diphytanoyl-phosphatidylethanolamine, diphytanoyl-phospha-Goldman-Hodgkin-Katz potential equation was used to deterijse
tidylserine, and oxidized cholesterol (final phospholipid concentration Pnae Where X was either Lt, K*, or C&*, from the measured zero

= 25 mg/ml) inn-octane. Lipids were purchased from Avanti Polar current (reversal) potential.

Lipids (Alabaster, AL). Cholesterol was oxidized as described by Tien Mean current is the product of the single channel unitary current
et al. [39]. Membranes were routinely bathed in a solution containing(i), the number of active channelsl)( and theirP,, given that the
symmetrical 100 m NaCl, 10 v MOPS buffer, pH 7.4. Reconsti- channels operate independently. Immunopurified bovine rendl Na
tuted proteoliposomes were spread over a preformed bilayer with &hannels have a main state conductance of 40 pS and two additional
fire-polished glass rod from thteansside with the holding potential set  subconductance levels & of the main state level [20]. These lower

at -40 mV. As described earlier [e.g., 19, 20], under these conditiongonductance states do not gate independently, and thus complicate the
channels oriented in such a way that the amiloride-sensitive side faceglecision to use mean rather than unitary current in the computation of
the trans solution while the PKA-sensitive side faced tbis side. P, and construction of current/voltage curves. However, simple cal-
In the experiments reported in this manuscript, the proteoliposomecylation shows that using eitheor i results in the same,, as long as
preparation was diluted appropriately such that only membranes conthe subconductance levels are all of equal magnitude.

taining a single ion channel were routinely obtained. The total number

of channels incorporated into any given bilayer membrane was deter; _ ; P,

mined by PKA-induced phosphorylation performed at the conclusion
of each experiment. This maneuver reveals the presence of any “si;. . . . . .
lent” channels resident in the bilayer membrane [19, 21]. Briefly, If i = main state current level at any given applied potentialtdnd 1
PKA + ATP acts by increasing the open probability of immunopurified

amiloride-sensitive renal Nachannels in planar lipid bilayers rather _

than recruiting new channels because no channel-containing vesicl _[

are present in the bathing solutions. This conclusion is also supported® i
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If i = i/3 and usingN = 3 antibody staining to CHO cells or lung macrophages, cells devoid of
amiloride-sensitive Naconductance pathways [36, 40]. To determine
1 1 the antigenic purity of the isolated bovine Nehannel protein com-
Po = 3.3 plex, we performed the following series of Western blot analysis: im-
munopurified bovine Nachannel protein complex was separated on
This formalism is thus valid if these two lower conductance statesSPS-PAGE, transferred to nitrocellulose, and blotted with polyclonal
act as independent channels, as long as they are of equivalent magfiitiPodies made against four different potentially contaminating pro-
tudes. For our purposes, we used the largest and most frequently ofi€ins: namely, fetuin, fibrinogen, bovine serum albumin, ardcid

served main transition state as the unitary current for the calculation oPoteogdlycan. These antibodies did not recognize any protein in the
channelP, purified channel complex.
»

ANTIBODY PRODUCTION WESTERN BLOT ANALYSIS
Partially purified N& channel protein complex (i.e., that obtained after

Fusion protein was made utilizing the pET system (Novagen). Briefly, .
the full a-bENaC open reading frame was subcloned into a pET vector,the lon exchange chromatography steps) was used for Western blot

which was subsequently transformed iffo coli. Fusion protein ex- analysis. Sodium dodecylsufate polyacrylamide gel electrophoresis

pression was induced with T7 RNA polymerase. The vector was en-(SDS_PAGE) was carried out in a Biorad Miniprotean Ii slab gel ap-

gineered to produce a stretch of eight histidines (His-Tag) as part of thgaratus using the discontinuous buffer sygtem of Laemmll [24]' Pro-'
: . P Cedures for SDS-PAGE and Western blotting were described in detail
N-terminus of the target protein. A one step purification by metal

chelation chromatography using a nickel-bound resin, which binds his_prewously [4, 27]. Approximately 2Qug of polyclonal 1gG antibody

tidine, was subsequently used. After washing away the unbound pro[alsed against eithethENaC, immunopurified bovine renal Nahan-

tein, the tagged protein was eluted with imidazole. The eluted proteir{‘he; T(?(;T'EI;)’(\‘ éo Lﬂgzgrsrgfeli%i:ﬁ;:ied for Western blot analysis of
was concentrated and dialyzed against distille@DHand stored at '
—-80°C until used.

Fusion protein was diluted in sterile water to a final concentration
of 200 pg/ml. One ml was injected into a White New Zealand rabbit at
10 intradermal dorsal sites, as described by Sorsehat. (38). Rab-
bits were boosted every three weeks. Following the second boost, fu
sion protein was dissolved in an equal amount of sterile water an

incomplete Freund’s adjuvant to enhance its intradermal retention. . . .
Antibody titer was determined 10 days after each boost using an enYV€& have previously reported that Wher_‘ 'mmunOpU”_f|ed
zyme-linked assay (ELISA) using the original fusion protein as anrenal N& channel protein complex was incorporated into

antigen, as described by Sorscher et al. [38]. Briefly, a 96-well micro-planar lipid bilayer membranes, amiloride-inhibited
titer plate was coated with fusion protein, excess protein washed awayzchannels with very lowP, of 0.02-0.05 were observed
and serum then added at the appropriate dilution. An alkaline phOSLZO 21 28] These channels displayed a specific orien-

phatase-conjugated secondary antibody was added after washout of the, . . . . -
unbound primary antibody (serum). Alkaline phosphatase develop—tgtlcm in that thetransfacmg portion was sensitive to

ment was carried out in the usual manner at room temperature. Th@m_nonde: and theeis-facing SUI’f{:lCG was the s|de from
absorbance data reported were collected after a 30-min developmet¥hich the channel could be activated by protein kinase
period but were essentially identical to the values recorded after 10 miA-mediated phosphorylation. The same situation was
of development. The rabbit exhibited the highest antibody titer afterobserved here (Fig_ 1, top trace)_ These' Naannel
the fifth boost. Blood was then collected from the anesthetized rabbibomp|exes consist of at least six major polypeptide com-
followed by euthanasia. Blood was allowed to clot overnight at 4°C, ponents held together by disulfide bonds. the functions of
and then the serum removed. IgG class | antibody was purified from . S
rabbit serum using Protein A beads (BioRad), and was aliquoted an@aCh of these polype_ptldes are not entlrely kr_]own [3' 15_]‘
stored at —20°C. All animal treatments complied with the UAB animal YWe postulated that if the complex was subjected to di-
resources protocols. sulfide bond reduction, a dissociation between the con-
The specificity of both rabbit polyclonal antibodies generated duction properties of the channel and its regulatory path-
aga?nst purified renal amiloride—sensitiye Nehannel @—NaC_h) and ways may occur. Therefore, we tested the effects of
aga'd”St‘t)“thr']\‘e_‘C ("'O‘EEI’\SC), was ’OtL)‘It”:e'y tleSt_Ede\‘ls'”tg f"’ﬁl ”t‘de‘ Jincreasing concentrations of the reducing agent dithio-
pendent techniques: , immunoblot analysis, Western blot anal- . . e
ysis (in addition to determining which subunit or subunits the particularthre't.oI (DTT) on Immunopu”fled renal Nachannel
batch of antibody can detect), immunoprecipitation, and immunocyto-fun_Ctlorl In b'!ayers' Figure 1 presents t_he results of a
chemical localization. As additional controls, Western blot analysis oftypical experiment. DTT, at concentrations below 25
these antibodies was performed against several commercially availablpM, had little effect on single channel properties. From
proteins that potentially may have been copurified with our preparation.25-100 M DTT, the major 40 pS conductance state of
We found that oura-NaCh antibody did not recognize fibrinogen, the channel was abolished, and was replaced by one to
fetuin, BSA, or protein kinase A inhibitor. We found that the antibod- three transition states of 12—13 pS in sigedassociated
ies specifically localize to the apical membrane of A6 epithelia, to thea”_pointS amplitude histograms). These lower conduc-

principal cells of the rat cortical collecting tubule, as well as to the .
apical membrane of toad urinary bladder [6, 23, 40]. We have nevettance states were present in the non-DTT treated channel

observed any staining to rat or bovine renal proximal tubule, epithelia(top trace in Fig. 1, and Refs. 15, 20-22, 35). Single
rich in Na'/H* exchanger. Also, we have not seen any speaifiiaCh ~ channelP, increased from an average of 0.03 = 0.01

Results

FFECT OFDITHIOTHREITOL ON Na" CHANNEL
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Fig. 2. Effect of hydrostatic pressure on renal amiloride-sensitivé Na
channels in bilayers in the presence of 26 DTT. Holding potential

+ 40 mV. Traces shown are representative of 7 experiments. Bathing

0 Time (sec) 5 Amplitude (pA) solution in bothcis- andtrans-compartments contained 100iNacCl,

10 mv MOPS, pH 7.5. Hydrostatic pressure upon the bilayer was

Fig. 1. Effect of dithiothreitol (DTT) on single-channel properties of established by raising the solution level in thrans-compartment.
immunopurified amiloride-sensitive Nachannels reconstituted into  Records were filtered at 300 Hz using 8-pole Bessel filter prior to the
planar lipid bilayers. Holding potential + 40 mV. Traces shown are gcquisition and were sampled at 1000 Hz with Digidata 1200 interface.
representative of 34 independent experiments performed following theplotted record was filtered at 100 Hz using the built-in filter of the
same sequence of DTT addition to either compartment. Bathing solupCLAMP software. Associated all points amplitude histograms were
tion in bothcis- andtranscompartments contained 100vniNacCl, 10 generated by pCLAMP software from a record of 10-min length and
mm MOPS, pH 7.5. DTT was added to both compartments at the finalwere fitted with Gaussian functions.

concentrations indicated from a 23mstock aqueous solution. Records

were filtered at 300 Hz using 8-pole Bessel filter prior to the acquisition .
and were sampled at 1000 Hz with Digidata 1200 interface. PlotteopS and thus approached that of the cloned colonic ENaC

records were filtered at 100 Hz with the built-in filter of the pCLAMP channel [9, 18], we next examined whether any other
software. Associated all points amplitude histograms were generated bpiophysical or biochemical properties of the DTT-treated
pCLAMP software from records of 10-min length and were fitted channels coincided with those efbENaC [13]. One
with Gaussian functions. characteristic okbENaC, incorporated into planar lipid
bilayers, was that it displayed mechanosensitivity [2].
However, non-DTT-treated renal Nahannels in bilay-

; . were not stretch-activat 2]. Figure 2 shows simi-
As these channels contain subconductive states of 12—:]1 rs st?e'?ch?ac?civ?atz d at():ehgveigr[o]f thggee DTST-(r)noS dﬁ‘ie d

pS magnitude (20), it appeared as if DTT promoted 4 : ; -
shift into these lower conductance states. At DTT Con{i‘I\la channels. Bilayer stretch was achieved by raising

X L the fluid height in thetrans compartment of the bilayer
centrations of 10Gwm or above, channel activity became chamber by 0.5 or 1 ml, yielding a hydrostatic pressure

unpoordinated, with eventual loss .of activity altogether ifferential (AP) of 0.13 and 0.26 mm Hg, respectively,
gzt?(')nl(’)fbgfﬁmwgac;)fbxege;esrg:gg ;?ZXS'defdneS{S .OGiven the geometric configuration of our bilayer system.
! ! P SXPENMENS Nag shown in Fig. 2, single channél, increased with
which 50um DTT was added only to theis compart- increasing hydrostatic pressure, from a value of 0.08 +
ment N = 10), only to theranscompartment = 9), or 0.01 atAP = 0 to0 0.24 + 0.04 and 0.80 + 0.05 AP of
to b(.)th compartment@xl(= 7). ldentical re_s_ults as shown 0:13 and 0.26 r,nm Hg, r_esp;ectivel)d (= 7)T Abplication
'Cr;u';'g' tr%e\;\:eefz)ereo?gtngflj"ly{;dsfrfea:!{i\?g?rtz;&ogihevrvgi dcé)g]: of the pressure gradient in the opposite direction yielded
the bi,layer ’ variable changes iR, (seeMaterials and Methods).

under control (i.e., zero DTT) conditions to 0.08 + 0.02
following treatment with 25um or 50 um DTT (N = 34).

N
EFFECT OF STRETCH ON DTT-TREATED Na" CHANNELS PKA SensimiviTy oF DTT-TREATED Na" CHANNELS

Because the apparent single channel conductance d¥e next tested whether DTT-treated renal’aannels
these DTT-modified Nachannels was lowered to 12—13 could be activated by phosphorylation mediated by pro-
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Fig. 3. Protein kinase A phosphorylation of a renal™Nzhannel re- mv
constituted into planar lipid bilayers and treated with 2@ DTT.
Records shown are for + 40 mV holding potential and are representa- . ‘trans” [ cis”
tive of 5 separate experiments. Record was filtered at 300 Hz using 03 g :}88 mm N2+ 100 mM N,
8-pole Bessel filter prior to the acquisition and was sampled at 1000 Hz v -100 mM Na*/ 100 mM K
with Digidata 1200 interface. Bilayers containing reconstituted chan- v - 100 mM Na*/ 50 mM ca®*
nels were bathed with salt solutions as described in Fig. 1.
C. +25 yuM DTT 1(pA)

o . P=0.26 mm Hg [
tein kinase A (PKA) plus ATP. The results of a typical 0.5
experiment N = 5) are shown in Fig. 3. There was no -80 -40 r
significant change irP, following addition of the puri- _ R T B—T p—
fied catalytic subunit of PKA plus saturating concentra- I wans® | vais”
tions of ATP (0.08 + 0.01 versus 0.09 + 0.02). Thus, it 5 100 mM Na'/ 100 mM Ng”
is apparent that addition of PKA + ATP did not alter i $ [ l00mMRa, 100 mMLi,
basal channel activity whatsoever, in contrast to the na- v - 100 mM Na*/50 mM Ca**
tive immunopurified non-DTT-treated Nghannel com- '
pIex reconstituted into planar bilayers [21]. Fig. 4. Mean current-voltage curves of single renal''daannel under

symmetrical and bi-ionic conditions in the absence and presence of 25
wM DTT. Points in plots are Mean 2o for n = 4. Cis andtransbathing
solutions contained chloride salts as indicated in the figure. Additions
of DTT were made to theis compartment. Hydrostatic pressure upon
the bilayer was applied by raising solution levekians compartment.

To assess whether DTT treatment affected the catiopiots were fitted to a third order regression equation of the typef,

permeability properties of these renal channels, we per+ g,X + X2 + BXC with Sigmaplot 5.0 Scientific graphing software.
formed bi-ionic reversal potential measurements. First,

the cation vs. anion selectivity properties of these chan-

nels, determined from reversal potential measurementabolished (Fig. €). While the stretched channel re-
made when the bilayer was bathed with asymmetrianained cation selective, the previously impermeable
NaCl solutions, remained unchanged with DTT treat-C&* could now be conducted through the channel under
ment, i.e.,Pys:Po- was greater than 10:1dgta not these stretched conditions.

shown. Figure 4 summarizes the results of a total of 36

experiments in which theP ;+:Pyg, Px+Pna and .

PPy Were measured for channels in bilayers unde™MILORIDE SENSITIVITY OF DTT-TREATED Na™ CHANNELS

the following conditions: nontreated, DTT-treated, and

DTT-treated in the presence of a hydrostatic pressurdhe effect of amiloride on single, DTT-treated renal'Na
gradient. In the absence of a hydrostatic pressure gradehannels is shown in Fig.A Amiloride produced a
ent, the relative cation permeability sequence of Li flickering-type block, with an apparent inhibitory equi-
(2.00 + 0.08) > N& (1.0) > K* (0.17 + 0.0§ > > C&" librium dissociation constanKf™) of 0.44 + 0.12um (N
(<0.001) was unaffected by DTT treatment. However,= 6), a value indistinguishable from control (i.e., non-
subsequent to the application of a 0.26 mm Hg hydroDTT-treatedK*™' = 0.42 + 0.09um, N = 6), or control
static pressure difference across a bilayer containing & AP of 0.26 mm Hg K™ = 0.37 £ 0.13um, N = 6)
DTT-modified Nachannel, the channel’s ability to dis- channels$eedose-response curves in Fig. 6). However,
criminate among the above-tested cations was virtuallywhen a 0.26 mm Hg hydrostatic pressure difference was

CATION PERMEABILITY OF DTT-TREATED Na" CHANNELS
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Fig. 5. (A) Effect of amiloride on a single DTT-treated renal™znannel reconstituted into planar lipid bilayers. Holding potential + 40 mV. Traces
shown are representative of 6 independent experiments. Bathing solution icigo#imd trans-compartments contained 100vmNacCl, 10 mu

MOPS, pH 7.5. Additions of amiloride were madettanscompartment to the final concentrations as indicated for each trace. Records were filtered

at 300 Hz using 8-pole Bessel filter prior to the acquisition and were sampled at 1000 Hz using Digidata 1200 interface. Plotted record was filtered
at 100 Hz with the built-in filter of the pCLAMP software. Associated all points amplitude histograms were generated by pCLAMP software from

a record of 10-min length and were fitted with Gaussian functidBsE(fect of amiloride on a single DTT-treated renal™Nzhannel reconstituted

into planar lipid bilayers in the presence of a hydrostatic pressure gradient. Holding potential + 40 mV. Traces shown are representative of 6
independent experiments. Bathing solution in boid+ and transcompartments contained 100MmNaCl, 10 mu MOPS, pH 7.5. Hydrostatic
pressure gradient across the bilayer was established by raising the solution lénsgismompartment. Additions of amiloride were made to
trans-compartment to the final concentrations as indicated for each trace. Records were filtered at 300 Hz using 8-pole Bessel filter prior to the
acquisition and were sampled at 1000 Hz with Digidata 1200 interface. Plotted record was filtered at 100 Hz with the built-in filter of the pCLAMP
software. Associated all points amplitude histograms were generated by pCLAMP software from records of 10-min length and were fitted with
Gaussian functions.

imposed across bilayers containing a DTT-modified — T .
channel, the ability of amiloride to inhibit was greatly _ 1004== 5 _'2Cs°2‘hr;'DTT—
diminished (Fig. B). TheK®™ of amiloride under these ¥ v ; Comrol
conditions was shifted to the right, to avalue of 6.9+ 1.02 gg |- o .25 M DET -
pM (N = 6; Fig. 6), very similar to the shift in amiloride’s § +0.26 mm Hg
inhibitory capabilities that was observed fabENaC g ol ]
after stretch [2]. g
&
4 = 40 .
WESTERN BLOT ANALYSIS OF RENAL Na" CHANNELS ir;;’
]
. . . . § 20 - .
To verify that an ENaC subunit was present in the puri-z
fied renal Nd channel complex, we performed Western
0—t —..)

blot analyses of this channel complex using antibodies
generated against a fusion proteireddENaC. The main
fusion protein product generated By coli expression of
the fuII-Igngth abENaC cDNA \.Nas a 7(.) kDa protgm_ Fig. 6. Amiloride dose-response curves of a single renal tlzannel
As seen in Fig. 7, when the fusion protein was sUbJ?Cteﬁin absence and presence of & DTT and hydrostatic pressure gra-
to SDS-PAGE and Western blotted witlhENaC anti-  gient across the bilayer. Points in plots are Measo#for n = 6 for
bodies, a 73 kDa protein was identifie#l)( The preim-  experiments presented in Figs. 5 and 6.

0.1 1 10 100
[Amiloride] (uM)
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A. B. Fig. 7. Western blot analysis using polyclonal anti-
kDa bodies raised against a full-length fusion protein of
kDa abENaC. The fusion protein was generated from the
full-length bovine kidney clone afENaC (2094 bp)
200> encoding a protein with a molecular weight [@0
kDa served as the antigen for raising a rabbit poly-
- clonal antibody against this cloned Nehannel. In
66 » 116 » A, 10 pg/lane of the fusion protein were run on a
97 > 10% SDS polyacrylamide gel under reducing con-
ditions (50 v DTT). Western blots were performed
66> as described in Materials and Methods. The primary
45 = antibodies used were pg/ml of a-abENaC 1gG
(lane 1) and fug/ml of rabbit pre-immune IgG (lane
2). In B, abENaC cDNA was in vitro transcribed
31»= 45 » and translated, and the resulting protein was sepa-
rated by SDS-PAGE on an 8% gel with 5aamDTT
in the sample buffer. Western blots were performed
as described. Lane 1 was blotted withENaC 1gG
1 2 1 2 (5 pg/ml) and lane 2 with preimmune 1gG (&/ml).

mune IgG did not react with the fusion protein. We also,p,

tested the antibody for reactivity with the product of an

in vitro translation ofabENaC cRNA B). The trans-  ,,q»

lated product has an apparent Mr of 80,000. The trans

lation reaction mixture was separated by SDS-PAGE

transferred to PVDF-membranes, and blotted with the 116>

abENaC antibodies. A prominent band running(&80 =

kDa was identified. 66> -
We also performed a Western blot analysis of puri-

fied bovine renal N& channel protein with antibodies

generated against the immunopurified channel comple:

(a-Na" Channel), as well as againsbENaC. These re-  45»

sults are shown in Fig. 8. As seen in the first lane, the

obENaC antibody recognized a single band at 70 kDa

indicating at least an immunological similarity between

one component of the purified bovine renal’Ndannel

protein complex, and the bovine-subunit isoform of

ENaC. For comparison, lane 2 shows a Western blot o

the same partially purified renal Nachannel material

u_gmg a polyclonal antibody generated against highly pu'Fig. 8. Western blot analysis of partially purified bovine renal*Na

rified renal N& channel complexes [38]. The same 70 ¢pannel protein complex. lon-exchange purified bovine kidney protein

kDa band as well as a higher one at 150 kDa wer&wyas run under reducing conditions (50nDTT) on 8% SDS poly-

recognized by thes&-Na“ Channel antibodies. The acrylamide gels. Protein was transferred to PVDF membranes, and

third lane demonstrates the lack of reactivity of nonim-blotted with specific antibodies generated agaisENaC or immu-

mune rabbit IgG with the renal Nahannel protein com- nopurified bovine renal Nachannel protein complexes. The left lane
plex shows that the antibody raised against a fusion proteinliENaC

recognizes a protein of 70 kDa. In the same material, the antibody
raised against the large (700 kDa), highly purified bovine kidney pro-
Discussion tein complex identifies polypeptides of 55, 70, and 150 kDa (middle
lane). The right lane shows that nonimmune rabbit IgG does not display
any immunoreactivity with this channel protein preparation.

OENHYD - 0
JUNWI-UON

PuUuEYD) LEN - D

Regulation of transepithelial Naransport occurs at the
level of the apically located Nachannel [8]. Most in-
vestigators have argued that regulation of the rate df Na
transport results from alterations in channel numbersingle-channel characteristics as well as differential hor-
rather than in single-channel properties [14, 15], al-monal regulation of Natransport. With the initial clon-
though controversy on this point does exist. Moreover,ng of an epithelial Nachannel from rat distal colon [8,
different tissues display Nahannels of widely differing  25], molecular studies of Nachannel function and com-
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parisons with data obtained in native epithelia and chanehannel, namely, relatively low single channel conduc-
nel protein reconstitution systems can now be performedance, loss of PKA sensitivity, stretch-activation, and de-
Na* channel complexes immunopurified from native bo- crease in amiloride sensitivity and loss of cation discrim-
vine renal papillary collecting tubule epithelia have aination upon stretch.
molecular mass of 730 kDa and are composed of at least Another important parallel between DTT-reduced
six nonidentical subunits of molecular masses 300, 150immunopurified renal Nachannels and ENaCs is a shift
95, 70, 55, and 41 kDa [1, 4]. These channels, reconstief immunopurified renal Nachannels from concerted
tuted into planar lipid bilayers display several uniquegating into a state in which the lower conductance states
characteristics: (i) a major conductance level of 40 pS inare preferred. The subconductive behavior of purified
100 mv NaCl and two 12-13 pS subconductive statesamiloride-sensitive Nachannels in planar lipid bilayers
[20]; (ii) are inhibited with high affinity by the diuretic has been previously reported [15, 35]. Recent studies
amiloride [19, 28, 35]; (iii) can be activated by PKA- have shown that these conductance levels do not result
mediated phosphorylation [19, 21, 29]; and (iv) are notfrom a manifestation of different biochemical entities,
responsive to stretch [2]. The cloned ENaC channels rebut are in fact subconductive states of the same channel
constituted into planar lipid bilayers also have a major[19, 20]. One alternative explanation of multiple con-
conductance level of 40 pS in 100mmNaCl and two  ductance levels is the possibility that other unique chan-
12-13 pS subconductive states and are inhibited witmels may have been simultaneously incorporated into the
high affinity by the diuretic amiloride [2, 18]; however, bilayer. We do not think this possibility is tenable be-
they cannot be activated by PKA-mediated phosphory<cause of the following reasons: (i) based on radioligand
lation; but do activate with stretch [2, 18]. Conductancebinding studies, the purity of the immunopurified mate-
values measured in bilayer experiments for both of thes@ial used in these experiments was greater than 95%,
channels are different from patch-clamp measurementassuming that one amiloride molecule binds per channel
[9, 12, 16, 17, 18, 32] and from the prototypical type | [4]; (ii) if each of the individual conductance levels rep-
epithelial N& channel [31]. The reasons underlying resented separate channels, it would be expected that, at
these differences are not apparent, but may relate to theast occasionally, bilayer membranes only containing
microenvironment of the channel complex. Because a@ne of these putative channels should be seen indepen-
variety of epithelial Na channel protein complexes have dent of the others which was not the case [19, 21, 22];
beenisolated [4, 5, 7, 8, 36], the key issue is to determingiii) event-amplitude histograms constructed from con-
what the relationships are among the different polypep+rol recordings cannot be fit by binominal theory as pre-
tide components and the cloned ENaC subunits, and hodicted for independent channels [1&; Fig. 1, control
these polypeptides relate to the amiloride-sensitive chantrace, and refs. 19, 20]; (iv) all of the conductance states
nels characterized in native epithelia by patch clampwere amiloride-sensitive and displayed identical cation
One possibility is that different amiloride-sensitive chan- selectivities under a specified set of experimental condi-
nels exist. The channels would thus be encoded by ertions. Thus while we cannot totally exclude the possi-
tirely different genes and possess unique protein compaility that our proteoliposomes contained other contam-
nents. A second, more parsimonious hypothesis, is thahating N& channels, it appears unlikely that this is the
the a, B, andy ENaC subunits are part of the native case.
channel protein complexes isolated, and that the func- At least one or two associated proteins of the puri-
tional diversity in single channel characteristics resultfied channel complex are recognized by specific antibod-
from an association with different regulatory proteins. ies generated against th&NaC subunit (Fig. 8 and refs.
The immunopurified 730 kDa renal protein complex 2 and 13). Moreover, these immunoreactive polypep-
forms an amiloride-sensitive Nahannel in planar lipid tides migrate on SDS-PAGE at apparent molecular
bilayers with appropriate responses to physiologicallymasses identical to the unglycosylated and glycosylated
relevant regulatory inputs such as regulation by biad ~ forms of cbENaC [13]. Thus, our results are consistent
Ca* [20, 30], PKA-mediated phosphorylation [19, 20, with the hypothesis that the core conduction element of
29], PKC-mediated phosphorylation [21, 29], activation/at least one purified type of epithelial N@hannel is
inactivation of associated G-protein [1, 19, 21], and car-ENaC, and that second messenger regulatory coupling
boxyl methylation [22, 34]. Because the immunopuri- occurs through association with specific polypeptide
fied renal N& channel protein complex consists of mul- components. It is likely that these polypeptide compo-
tiple components held together by disulfide bonds, wenents may be tissue specific. For example, it is a 300
hypothesized that many of the aforementioned regulatorkDa associated protein that is specifically phosphorylat-
characteristics of the channel would be altered by disuled by protein kinase A in the bovine papillary epithelial
fide bond reduction. Indeed, results reported in this paand A6 cells [29]. However, there is no 300 kDa protein
per show that subsequent to reduction with low concenthat has been purified from rabbit alveolar type 1l cells,
trations of DTT, this purified renal Nachannel acquired in spite of the fact that this protein complex can also be
a biophysical signature very comparable to the ENaQohosphorylated by protein kinasA + ATP [36].
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of

In summary, we show that disulfide bond reduction 11.

immunopurified bovine renal Nachannel protein

complexes with DTT in planar lipid bilayers promotes a
permanent transition of the channel into a lower conduc-
tance state. The cation permeability sequence or the,
amiloride-sensitivity of this DTT-modified channel is
not significantly different from that of the untreated
channel. However, DTT treatment results in a loss of

PKA + ATP sensitivity, and the acquisition of mecha- 14.

nosensitivity. There is also a significant decrease in the

ability of amiloride to inhibit the channel following

stretch activation. All of these properties are comparable

to those displayed by ENaC. Therefore, we suggest thaty

this renal N& channel has as its main conduction com-

ponent ENaC, and that post-translational modifications17.

such as PKA sensitivity are provided by association of
this core ENaC conduction element with other cellular

proteins.
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