2292 Biophysical Journal Volume 75 November 1998 2292-2301

Subunit Stoichiometry of a Core Conduction Element in a Cloned
Epithelial Amiloride-Sensitive Na* Channel

Bakhrom K. Berdiev,* Katherine H. Karlson,* Biljana Jovov,* Pierre-Jean Ripoll,* Ryan Morris,*
Dominique Loffing-Cueni,” Patricia Halpin,” Bruce A. Stanton,” Thomas R. Kleyman,® and Iskander I. Ismailov*

*Department of Physiology and Biophysics, University of Alabama at Birmingham, Birmingham, Alabama 35294-0005; “Department of
Physiology, Dartmouth Medical School, Hanover, New Hampshire 03755; and $Departments of Medicine and Physiology, University of
Pennsylvania, and VA Medical Center, Philadelphia, Pennsylvania 19104 USA

ABSTRACT The molecular composition of a core conduction element formed by the a-subunit of cloned epithelial Na™
channels (ENaC) was studied in planar lipid bilayers. Two pairs of in vitro translated proteins were employed in combinatorial
experiments: 1) wild-type (WT) and an N-terminally truncated «,,-rENaC that displays accelerated kinetics (r, = 32 = 13 ms,
7. = 42 = 11 ms), as compared with the WT channel (1,4 = 18 = 8 ms, 7., = 252 = 31 ms, and 7, = 157 = 43 ms); and 2)
WT and an amiloride binding mutant, a,,-5_»s3-fENaC. The channels that formed in a a\t:a,y mixture fell into two groups:
one with 7, and 7, that corresponded to those exhibited by the a,5-rENaC alone, and another with a double-exponentially
distributed closed time and a single-exponentially distributed open time that corresponded to the «,,-rENaC alone. Five
channel subtypes with distinct sensitivities to amiloride were found in a 1, 1:1@x075_253 Protein mixture. Statistical analyses
of the distributions of channel phenotypes observed for either set of the WT:mutant combinations suggest a tetrameric
organization of a-subunits as a minimal model for the core conduction element in ENaCs.

INTRODUCTION

The amiloride-sensitive conductance pathway in"Neab-  applies this approach to single-channel experiments in pla-
sorbing epithelia has been attributed to three cloned homohar lipid bilayers—a system that allows a high level of
ogous subunits, termed-, B-, and y-ENaC (for epithelial  control over the ratio of subunits forming channels. It is
Na’ channel) (Canessa et al., 1993, 1994; Lingueglia et albased on the previous finding that in vitro translated
1993). a-ENaC by itself (but nof3- or y-) is sufficient to  «-ENaC subunits self-assemble into functional channels in
form functional amiloride-sensitive Nachannels in lipid liposomes and can be reconstituted and studied in planar
bilayers and inXenopusoocytes (Canessa et al., 1993; lipid bilayers (Ismailov et al., 1996, 1997c). The studies of
Ismailov et al., 1996). The role o8- and y-subunits in  the stoichiometry of the core conduction element of ENaC
channel function remains largely unknown, although thewere performed in this cell free system, using mixtures of
presence of these subunits increases amiloride-sensitive cuhe in vitro translated WTa-rENaC with either the N-
rent (,m) and contributes to amiloride sensitivity of this terminally truncated gating mutant,-rENaC or with the
current in oocytes (Canessa et al., 1994; McNicholas andmiloride-binding mutantr,,,5_,gsfENaC. The channels
Canessa, 1997; Schild et al., 1997). These findings formetbund in ayy:axn Mixtures formed two groups: one with
the basis for the hypothesis that a core conduction elememnd 7., which correspond to the N-terminally truncated
in ENaCs can be formed hy-subunit(s) alone. The present channels, and another witty and 7, which correspond to
study was performed to determine the molecular architecthe WT «-rENaC. Five distinct functional phenotypes
ture of this core conduction element, in particular, theformed by thew:axs75_g5rENaAC mixtures were distrib-
stoichiometry of thea-subunits in a homo(multimeric uted binomially within a range of two orders of magnitude
ENaC. of amiloride sensitivities. Statistical analyses of channel
The stoichiometry of ion channels has been successfullphenotypes in both sets of experiments suggest a tetrameric
studied by using a combinatorial approach (MacKinnon,organization ofa-subunits as a minimal model for the core
1991). In its original design, the method involves the elec-conduction element.
trophysiological analyses of cells expressing RNA encoding
wild-type (WT) and mutant channels in different propor-
tions, and the solution of the problem is minimized to a setMATERIALS AND METHODS
of derivations in terms of combinatorics. The present studyReagents

Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL).
All other chemicals were reagent grade, and all solutions were made with
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rENaC was constructed in two steps. A 250-bp polymerase chain reactioohannel incorporations were selected for further experimentation by acti-
(PCR) fragment was synthesized usimgENaC DNA as a template, with  vating all incorporated channels with the imposition of a hydrostatic
a sense primer (CGACGTCGACCATGGCCTTCTGGGCGGTGCTGT) pressure gradient, as described previously (Ismailov et al., 1997a). Single-
corresponding to nucleotides 328 -347afENaC and an antisense primer channel analyses were performed with pCLAMP 5.6 software (Axon
(TTGTACAAGTCAAAAAGCGTCTGCTCCGTG) corresponding to nu- Instruments, Burlingame, CA) on current records low-pass filtered at 300
cleotides 534-564. The sense primer also contained an ups®eam Hz through an 8-pole Bessel filter (902 LPF; Frequency Devices, Haver-
restriction site, a partial Kozak consensus site sequence, and an initiatdill, MA) before acquisition with a Digidata 1200 interface (Axon Instru-
methionine codon, and the antisense primer included a BsrGl restrictioments). For illustration purposes, records were filtered at 100 Hz, using a
site. The 250-bp PCR product was subcloned into pcR 2.1 (TA Cloningbuilt-in digital filtering option of the pCLAMP 5.6 software (Axon Instru-
Kit, In Vitrogen), and the sequence was verified by ABI PRISM dye ments).
terminator cycle sequencing (Perkin-EImegyrENaC and the subcloned
PCR product were digested witBal/BsrGl, and the gel-purified PCR
fragment was ligated into digested pSpeftENaC vector. The sequences Gombinatorial experiments
of both strands were confirmed by ABI PRISM dye terminator cycle
sequencing. Thus, i, ,-rfENaC the N-terminal 108 amino acids have The combinatorial approach to determining the subunit stoichiometry of
been deleted, and T’ has been replaced by a methionine. Capped cRNAion channels (MacKinnon, 1991) is based on derivations from probability
was prepared according to the manufacturer’'s protocol (mMessage Mdaws. The probabilities of random association of two elements into an
chine kit, Ambion) from Not | linearized vector, using T7 RNA polymerase. N-oligomer withm subunits substituted by a mutam{, wherem varies

from zero toN) are determined as

In vitro translation and reconstitution Ph=F" Fiu C(N, m) 1)

into proteoliposomes whereF,,+ andF,, are the relative molar fractions of the WT and mutant

Individual a-rENaC proteins were in vitro translated with a TNT transcrip- channel subunits; and the binomial coefficieN, m) stands for the

tion-translation kit (Promega, Madison, WI), according to the manufactur-number of all possible combinations of WT and mutant subunits:

er's instructions, in the presence of canine microsomal membranes (Pro-

mega) and 0.8 mCi/mPpS]translabel methionine (ICN, Costa Mesa, CA). C(N, m) = N/(m! - (N — m)!) 2)

A 25-ul translation reaction for each DNA was mixed with 0.5 mg

phosphatidylethanolamine, 0.3 mg phosphatidylserine, 0.2 mg phosphatf basic property of the binomial series is that the sum of these probabilities

dylcholine, Triton X-100 (0.2% (v/v) final concentration), and 2bof a IS equal to unity:

buffer containing 60 mM Tris(hydroxymethyl)aminomethane (Tris) (pH

6.8), and 25% glycerol (v/v). The translated proteins were eluted from a E Pﬁﬁ = E(F\%}m “Fhu CIN,m)) =1 3)

G-150 superfine Sephadex (Pharmacia Biotech.) gel filtration column with

a buffer containing 500 mM NaCl, 1 mM EDTA, and 10 mM Tris (pH 7.6), and the total number of combinations of two (WT and mutant) elements

and reconstituted into proteoliposomes as described previously (Ismailov &tithin a givenN-element setN-oligomer) is

al.,, 1996, 1997c) at a given molar ratio based on tS]methionine/

cysteine labeling for each subunit. Mock controls were prepared by per- > C(N, m) =2V (4)

forming the in vitro translation reaction in the absence of rENaC cRNA and

reconstituting purified reaction products into proteoliposomes according tol'his number of combinations of WT and mutant subunits does not neces-

an identical protocol. sarily equal the number of channel phenotypes; however, this possibility

Proteoliposomes containing in vitro translated WT and mutarENaC cannot be excluded a priori. Combinatorial experiments at the single-
proteins were sonicated (43 kHz, 160 W, 40 s) in the presence M50  channel level eliminate the uncertainties in interpretation when multiple
dithiothreitol (DTT) and allowed to reform by freeze-thawing three to five channels are examined, including the variety of hybrid channels, and allow
times. This protocol was developed to dissociate putative individual condirect analyses of statistical distributions of channels formed by different
duction elements of ENaC held together by sulfhydryl bonds (Ismailov etmixtures of the WT and mutant proteins.

al., 1996). Our experiments demonstrate that with this procedure, single

channels with uniform conductance of 13 pS were observed in over 70% of

total incorporations. If multiple channel incorporations occurred, the son-RESULTS

ication-freeze/thawing procedure was repeated. No differences in unitary

conductance, ion selectivity, or amiloride sensitivity of single channelsThe stoichiometry ofx-ENaC was initially assessed using

formed by the WT or mutam—rENaC pretreated with 50M DTT were _ combinations of WT andxAN-rENaC. These proteins form

found, as compared_wnh tht_a nontreated channels_. pTT at c_oncentratlorEhannelS with very different kinetic properties (Fig. 1)_

above 50uM led to irreversible loss of ENaC activity (Ismailov et al., . . . .

1996). Dwell-time histogram analysis of single-channel data re-
vealed that the time spent by Wad-rENacC in its closed
state is distributed double exponentialty,(= 18 = 8 ms,

Planar lipid bilayer experiments T, = 252+ 31 ms), whereas the closed timewgfy-rENaC

. o _ _ could be fit to a single exponentiad(= 42 = 11 ms). The
Mueller-Rudin planar lipid bilayers with a membrane capacitance of 200— ti hist for both ch | Id be d ibed
300 pF (0.67—0.95uF/cn?) were routinely formed from a 2:1 (w/w) open ume histograms tor both channeis cou e descripe

diphytanoylphosphatidylethanolamine/diphytanoylphosphatidylserinéS Single exponentials, but with quite different mean open
membrane-forming solution in-octane (final lipid concentration 25 mg/  times ¢, = 157 = 43 ms in the WT channel ang) = 32 =
ml). The bilayers were bathed with symmetrical 100 mM NaCl, 10 mM 13 ms in the mutant). These differences in kinetic properties

3-(N-morpholino)propanesulfonic acid-Tris (MOPS-Tris) buffer (pH 7.4). are consistent with the hypothesis that the N-terminus of
Single-channel currents were measured as described previously (Ismailov ENaC ticipat . h | fi G d t al
etal., 1996, 1997c), using a conventional current-to-voltage converter wittf*" aC participates in channel gating (Grunder et al.,

a 1-Q) feedback resistor (Eltec, Daytona Beach, FL) connected toithe 1997) and were used as quantitative parameters in our
compartment, and th&ans compartment clamped at 100 mV. Single- combinatorial experiments.
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FIGURE 1 Kinetic properties of the WT and the N-terminally truncadéetENaC. Proteoliposomes containing mixtures of in vitro translated WT or
N-terminally truncated-rENaC were formed in the presence of 5l DTT. Bilayers were bathed with symmetrical 100 mM NacCl solution complemented

with 10 mM Tris-MOPS (pH 7.4). The holding potential w&400 mV. For illustration purposes, recordy (vere filtered at 100 Hz and are representative

of at least five separate experiments with each channel. Amiloride was addedttartheompartment of the bilayer chamber at @Bl to ascertain the

identity of channels. Representative dwell-time histogramsygf-rENaC anda,,-rENaC B) were constructed after event analysis with pPCLAMP
software (Axon Instruments) on single-channel recordings of 3 min duration, filtered at 300 Hz with an 8-pole Bessel filter before acquisitigmeat 1 ms
point with pCLAMP software and hardware. Event detection thresholds were 50% in amplitude of transition between closed and open states, and 3 ms for
event duration. Numbers of events used for histogram construction were 888 and 3355-fENaC anda,,-rENaC, respectively. The bin widths in

the closed and open time histograms fay-rENaC were 5 and 25 ms, respectively. Closed and open time constants were determined from
double-exponentialy(= a, - exp(—x/t,) + a, + exp(—x/1,)) and single-exponentialy (= a - exp(—x/7)) fits of the closed and open time histograms,

respectively. Closed and open time constants shownfrrENaC were determined from single-exponential fits of closed and open time histograms,
respectively, binned with the 10-ms bin width.

Fig. 2 A depicts the typical results of combinatorial ex- closed times of 33 11 ms and 35+ 15 ms, respectively.
periments performed with a mixture of the WT angd,-  These values correlate well with those observed for the
rENaC. In a 1:1 mixture, 39 cases of 42 total successfuN-terminally truncated mutant alone (Fig. 1); therefore, this
channel incorporations revealed the channels with open angipe of channel was called type’Mor “mutant.” The other
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FIGURE 2 Kinetic properties and statistical distribution of the channels formed by different mixtures of WT and N-terminally trurcaiéalC.
Recording conditions and treatment of single-channel data were the same as described in Fig. 1. Single-channel recordings shown are repB8&entative
separate observations for the typé &hd three separate observations for the type WHB2 successful incorporations of the proteoliposomes containing

a 1:1 mixture of in vitro translated N-terminally truncated and WWfENaCs A). Distinction between channel types' Mnd WT was made on the basis

of open and closed time, as shown next to traces. Numbers of events used for construction of the histograms shown were 33par{ty&Mtype

WT'). The kinetics of the channels found in all incorporations of the in vitro translatggx,-rENaCs mixed at different ratios were essentially
undistinguishable from types Mand WT shown, although they were distributed as shown in Table 1. The minimal number of separate observations that
represent the fraction of channels in a double-logarithmic plot of statistical distribution of channel typE%) @bglifferento,r:a,y ratios (logF]) (B)

was 3 for the type WTand 4 for the type Mof the respective total number of successful incorporations of channels with a given composition (repeated
with three different batches of proteoliposomes). The solid line represents a best first-order regression fit of the experimental data for Théwythe W

a slope of 3.86). The dashed line represents a best first-order regression fit of the experimental data for thgwyiea\slope of 0.30). Dotted lines
represent theoretical probabilities of random association of two elements into a homo-N-oligomer when the ratio of these elements, calcHizged with
5 and 6, is varied.
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three successful incorporations resulted in channels with a mixture (wherd-,,+ varies from 0.83 to 0.5) could be fit
double-exponentially distributed closed time (2913 ms  to a straight line with a slope of 3.86dlid line). This slope
and 243+ 41 ms in duration) and a single-exponentially suggests that fouz-subunits form a functional channel. On
distributed open time (174 33 ms). These kinetics resem- the other hand, the fractions of channels with mutant prop-
ble properties of the WTx-rENaC alone; therefore, these erties reconstituted from these mixtures’'(pe; open
channels were called type W.TThe two phenotypes found symbolsn Fig. 2 B; see Table 1 for numerical data) plotted
in these experiments can be interpreted in combinatoriabn a double-logarithmic scale versus the respective fractions
terms. If ENaC is made of more than one subunit, Egs. 1-#f mutant protein in a mixture, varies from 0.17 to 0.5)
(see Materials and Methods) predict the existence of interwere best fit with a slope of 0.3déshed ling This fit
mediate phenotypes due to the formation of hybrid chandeviated from all predicted dependencies, including the
nels. The absence of these intermediate phenotypes coulshitary slope for a monomer, and may be explained as
mean that ENaC is a monomer or that WT and mutanfollows. Equation 4 predicts 16 different combinations of
proteins simply do not associate into a heteromultimeridawo (WT and mutant) elements for a tetramer. Two of these
channel. If this is the case, then the fractions of the WT anadtcombinations should be homomultimeric (only WT, or only
mutant channels should be directly proportional to the fracmutant), and 14 should be hybrids with one or as many as
tions of the WT and mutant proteins in the mixture; namely,m = N — 1 WT element(s) substituted for a mutant sub-
at a 1:1 protein ratio the WT channels should be found asinit(s). These hybrid channels may be 1) channels that are
often as the mutant ones. Based on the observation that twwt different from the WT; 2) channels that are not different
types of channels were unequally distributed, we concludérom the mutant; or 3) channels that display graded changes
that WT and mutant proteins do associate with each other tm properties. Based on a relatively high proportion of the
form functional channels that are composed of more thafimutant” phenotype inu,r:a n-TENaAC mixtures with no
one a-rENaC subunit. graded changes observed, we hypothesize that the N-termini
Furthermore, according to probability laws, the binomial of WT-subunits in all hybrid channels cannot override the
coefficient for the homomultimeric combinations (fully WT defective gating that is the feature of thg,-mutant, i.e.,

or fully mutant) is equal to 1. This reduces Eg. 1 to the N-terminal deletion dominates the phenotype.
N The above conclusion about the tetrameric organization
Pwr = Fur ®) of a-ENaC was based on the assumption that the change in
and gating results from substitution of a single WT subunit by a
mutant subunit at the level of a monomer. However, if the
Py = Fu (6)  substitution producing a change in channel function had

occurred at the level of a dimer, the interpretation of com-
binatorial studies would be off by a factor of 2, and so on.
To test for such a possibility, an independent estimate of
a-rENaC stoichiometry was performed using a mixture of
WT a-rENaC and another mutant, ,,g_,gsrENaC. This
Jnutant has a greatly diminished (250-fold) sensitivity to
amiloride as compared with the WT channel (FigA and
Ismailov et al., 1997b). The channels that were observed in
combinatorial experiments using a mixture of the WT and
axo75_2g3ENaAC had similar conductances, ion selectivity,
and kinetics under control conditions, but differed in their
sensitivities to amiloride. Five populations of channels with
distinct sensitivities to amiloride were identified within a
1:1 (WT:mutant) protein mixture. Fig. B depicts typical

Accordingly, double-logarithmic plots of P versus F for
fully WT or fully mutant channels over the range of the ratio
of elements should be linear with slopes\yfwhereN is the
number of subunits forming a multimer (see theoretical
dotted linedn Fig. 2B calculated foN from 1 to 5). To test
these predictions, we next varied the ratio of the WT an
mutant proteins in the proteoliposomes from 2:1 to 5:1
(WT:mutant). The fraction of channels with properties of
the WT channel reconstituted from this mixture (\\ype;
filled symbolsin Fig. 2 B; see also Table 1) plotted on a
double-logarithmic scale versus the WT protein fraction in

TABLE 1 Distribution of the single a-rENaCs in mixtures of current records representative of each of these populations
the WT and N-terminally truncated mutant and the inhibition of these channels by amiloride. Amiloride
WT:mutant dose-response curves were fit to the first-order Michaelis-
ratio Meotal M (Pwr) M (Pur) Menten equation and are shown in FigC3Although the
5:1 25 13 (0.52) 12 (0.48)  inhibitions of the channels shown in Fig. B,andC, as
31 15 4(0.27) 11(0.73)  types M; and M appear similar to each other, these chan-
211 21 4(0.19) 17(081)  nels form separate groups. This conclusion is made on the
1:1 42 3(0.07) 39 (0.93)

basis of the statistical distribution of the apparent inhibitory
Ny represents the number of successful incorporations of channels witgonstants K;) determined for each channel found in a 1:1
a double-exponentially distributed closed time (2943 ms and 243 41 mixture of the WT and the amiloride-binding domain mu-

ms in duration) and a single-exponentially distributed open time-138 . . .
ms (i.e., WT phenotypen,,. represents the number of incorporations of tant a-rENaC in 68 separate experiments (FlgD;E The

channels Withropen: 39+ 11 ms andrclosed: 35+ 15ms (i.e.’ “mutant” Overa” dlStI’IbUtIOﬂ Of Ki Va|ueS ) in thIS aWTZaA278_283
phenotype)Py,. andP,,. are the fractions ofi, andn,, forming n,. rENaC mixture conforms to a binomial, as would be ex-
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TABLE 2 Distribution of the single a-rENaC in mixtures of the WT and amiloride-binding domain deletion mutant

K; (10°® M) 0.225+ 0.035 3.25+ 0.55 8.1+ 3.2 18+ 4 27+ 4
WT:mutant
ratio Niotal M (Pwr) Mz (Pwa) Nz (Pmz7) Myar (Pumar) Ny (Par)
5:1 27 12 (0.44) 11 (0.41) 4(0.15) (0.00) (0.00)
21 29 6 (0.21) 11(0.38) 9(0.31) 3(0.10) (0.00)
11 68 4 (0.06) 19 (0.28) 26 (0.38) 14 (0.21) 5(0.07)
1:2 33 —(0.00) 4(0.12) 11 (0.33) 13(0.39) 5(0.15)

nw throughn,,. represent the number of successful incorporations of channels with the apparent inhibitory constant for aillBridgicated in the
table, as determined in each particular channel by fitting the amiloride dose-response curves to the first-order Michaelis-Menten egaperfaimed
with a given mixture of the WT and,,,g_,gsfENaC. Py, throughP,, are respective fractions of WM}, M5, M3, and M channels formingygy,.

pected for random combinations of two elements. VaryingDISCUSSION
the protein ratio in the mixture shifts this distribution in
such a way that the Mfraction degenerates at WT:mutant
ratios> 2:1, and the WTfraction decreases substantially at To interpret the results of combinatorial experiments per-
a WT:mutant ratio of 1:2 (Table 2). WhéhandF for the  formed at the single-channel level, one must first define a
putative fully WT and fully mutant phenotype were plotted single channelPreviously we reported that in vitro trans-
on a double-logarithmic scale (Fig. 4), both data sets coulghted ENaCs form N&-selective channels in planar lipid
be fit to straight lines with nearly identical slopes of 3.89 hjjayers and that these channels can be blocked by amiloride
(for M") and 4.02 (for WT). Moreover, these slopes are in with a K, of ~10~7 M (Ismailov et al., 1996, 1997c). The
ggreement with the slopelof 3.86 fouqd for the Wkction gating of ENaC in bilayers does not appear to be indepen-
in the ay,riasy-TENaC mixture (cf. Fig. 2B). These data ot "1yt rather concerted, with a 13-pS level that precedes
suggest that two populations of channels that exhibit WTthe opening of the channel to a 39-pS conductance level

and mutant phenotypes represent true homomultimera : : :
L - smailov et al., 1996, 1997a). This gating pattern can be
formed by the WT or amiloride-binding mutantrENaC, disrupted using low concentrations$0 M) of the sulf-

respectively. It is not entirely clear which of the aforemen-h drvl-reducing acent DTT aoplied to the presumably ex-
tioned 14 possible hybrid combinations of WT and mutant yary gag pp P y
tracellular surface. After DTT treatment, the channel con-

subunits predicted from a binomial series for a tetramer can I . .
P uctance partitioned into three 13-pS conduction levels, and

account for the three intermediate phenotypes found in th . .
transitions between these levels became random. A triple-

: mixture (M; through in Fig. 3). How-
Qi tazzs_zssMmixture (My gh M g 3) ingiyParrel model was developed to account for this behavior.

substituted hybrids will be functionally indistinguishable 'S model describes ENaCs as formed by three individual

from each other, as would be the six doubly substituted angonduction elements, each with a unitary conductance of 13
the four triply substituted hybrids. Then a total of three pS. Although this cooperative gating did not compromise in

functionally distinct hybrid phenotypes could be predicted.2ny Way the initial studies of the biophysical properties of
In any case, our conclusion about the tetrameric organiENac, it could confound the interpretation of combinatorial
zation of a-rENaC is based strictly on the statistical analy- €xperiments based on a binomial formalism.
ses of populations of channels that display the extreme (WT Therefore, the combinatorial experiments in the present
or mutant) phenotypes and does not involve the distributiorstudy were performed in the channels pretreated with 50
of putative hybrids. Furthermore, this conclusion isuM DTT. The rationale for this maneuver was based on the
strengthened by the fact that the distributions of these charsonsideration that if disulfide bonds hold together three
nels found in two independent series of combinatorial exindividual but fully functional conduction elements, then by
periments using two different mutants can be fit to thereducing these bonds before reconstitution, the individual
function predicted from a binomial series for a tetramer. conduction elements should distribute randomly between

The elementary conduction unit in ENaCs

FIGURE 3 Amiloride inhibition of singlea-rENaC composed from the WT and amiloride-binding domain deletion mutant.ajerENaC and
axs78_255FENAC were in vitro translated individually, mixed at a 1:1 ratio, and reconstituted into proteoliposomes in the presengevioD50.
Recording conditions were as indicated in Fig. A) Typical records and effect of 0.8M of amiloride on channels formed by the,-rENaC and
aa-75_23ENAC alone (representative of at least five separate experiments with each ch@)rsfpi¢al records of channels found in a 1:1 WT:mutant
protein mixture and five typical responses of these channels tuBlamiloride: types WTand M were undistingishable from the WT and mutant
channels shown i\, and types M through M; had intermediate sensitivities to amiloride. Complete amiloride dose-response curves, st@wandn
determined for each population of channels showB,iare representative of at least four experiments per group (see Table 2 for number of observations
in each group). Solid lines in the amiloride dose-response graph represent best fits of the experimental data points to the first-order Mitbaelis-Me
equation rewritten aB, = PJ'® - (1 — [amiloride]K; + [amiloride]). The solid line in the statistical distribution of channel phenotypes bar gEpis (

a fifth-order Gaussian fit of the histogram.
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hypothesis that, with intact disulfide bonds, channels are
assembled into a more complex agglomerate made of more
than one conduction unit. Furthermore, we hypothesize that
under these conditions the number of conduction units is

three, which then would be consistent with the Hill coeffi-
cient of ~3 reported previously (Ismailov et al., 1996).

The distinct intermediate amiloride sensitivities that we
observed in combinatorial experiments with disassembled
individual conduction elements suggest that substitution of
a single WT subunit for a mutant in the pore shifts the

log [P]

n=2

Py a278.283 versus Fy

O - Pwrversus Fur amiloride inhibition dose-response curve. One conclusion

that follows from this observation is that each subunit

' _0'2 ' 0'0 interacts with amiloride independently of the others. The
) ) Hill coefficient for all hybrid channels as well as for the
log [F] fully WT and fully mutant channels is close to unity. This

implies that each of the four subunits that form the channel
FIGURE 4 Statistical distribution of the singterENaC composed from participate in the formation of a single amiloride-binding
the WT and amiloride-binding domain deletion mutant. Channel reconsti-

tution, recording conditions, treatment of single-channel data, and distinc§lte' These findings should be compared with the two-

tion between channel types were the same as described in Fig. 3. TfQinding'Site “molecular pluQ" model for amiloride: one site
minimal number of separate observations that represent the fraction dtvithin the electric field of the pore itself, presumably bind-
channels in a double-logarithmic plot of statistical distribution of channeling the guanidinium portion of molecule, and another site at
fo the type M. of e respecive tovl mumber of succeectul ncorporatons. 0, S acellular surface of the channel outside the pore
oc:‘ chan);\?als v(/ith a giverlj'n composition (see Table 2 for the nEmber of“Stablhzmg” th_e bI,OCk’ presum.ably bY blndlng the pyrazine
observations of each channel type at a given WT:mutant ratio). The solitport'on of amiloride (fOI’ a discussion see Benos, 1982;
line represents a best first-order regression fit of the experimental data foKleyman and Cragoe, 1988; Palmer, 1991). Combining this
type M’ (with a slope of 3.89). The dashed line represents a best first-ordemodel with the proposed tetrameric organization of ENaCs,
regression of the experimental data for type With a slope of 4.02).  gne can hypothesize that two different domains in each of
l?otted lines shown represent theoret|ca_| probabilities of rand_om assoCigy o four ENaC subunits form these two binding sites, and
tion of two elements into a homo-N-oligomer when the ratio of these ) , } ) .
elements, calculated with Eqs. 5 and 6, is varied. these two sites interact with different portions of the same
amiloride molecule in one kinetically indistinguishable step.
Given the fact that amiloride is not a symmetrical molecule,
proteoliposomes. This hypothesis was fully supported byt is unlikely that in a pseudosymmetrical tetrameric model
the experimental data: the distribution of single-channebf ENaC certain portions of amiloride (e.g., the Cl substitu-
conductances after this procedure was perfectly unifornent at position 6 on the pyrazine ring, which is known to be
around 13 pS. Pretreatment with g DTT resulted in no  important for binding and block; for a review, see Kleyman
other noticeable differences in ion selectivity, amilorideand Cragoe, 1988) will form covalent bond(s) with four
sensitivity, or the responses of single channels formed bypinding sites in the channel at once. This may mean that
the WT or mutan-rENaC to actin. Based on these exper-other (noncovalent) types of interaction could take place
iments, we conclude that DTT dissociates individual con-between this molecule and multiple ENaC subunits, which
duction elements in ENaC but does not otherwise affect thés consistent with the reversibility of amiloride block of
biophysical or pharmacological properties of these channelsthese channels. The domain in the extracellular loop of the
This definition of a single channel helps us to understanc¢channel protein mutated in these studies may represent the
the first-order Michaelis-Menten kinetics of inhibition of extracellular (“stabilizing”) amiloride-binding site, whereas
these DTT-dissociated single channels with amiloride. Inthe second site remains intact in these mutants. A finite
the experiments with “triple-barrel” channels reported pre-amiloride sensitivity of the fully mutant channel supports
viously (Ismailov et al., 1996, 1997b), a Hill coefficient this conclusion.
greater than 1 was required to fit the data to Michaelis-
Menten kinetics. The amiloride inhibition experiments re-
p_orted here were performed_on_ |nd_|V|duaI Chan_n_els Tu”yTetrameric organization of ENaCs as a
disassembled before reconstitution into planar lipid bilay-_=".
S T > minimal model
ers. Moreover, the amiloride inhibition constants and Hill
coefficients found in combinatorial experiments performedComparison of the tetrameric model proposed here for
on “triple-barrel” channels (i.e., channels not treated witha-rENaC with the stoichiometry of 218:1y described
DTT) were scattered over the entire range of amiloriderecently for a heterooligomerieBy-rENaC (Firsov et al.,
sensitivities between fully WT and fully mutant channels 1998; Kosari et al., 1998) suggests that the molecular orga-
with no apparent partititioning into distinct grougs € 72;  nization of ENaCs parallels that of the inwardly rectifying
data not shown). This observation is consistent with thevoltage-insensitive K-selective channels. These"khan-
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nels are also made of four subunits and were shown tet al. are only partial inhibitors of WT and mutant ENaCs,
coassemble with auxiliary subunits and alternatively splicedespectively, the same data faBy-ENaC can be fit to a
variants, retaining the overall tetrameric organization (Du-hexamer formed by-2 a-subunits,~2 B-subunits, and-2
prat et al., 1995; Yang et al, 1995; Glowatzki et al., 1995;y-subunits, as follows. If one channel (either mutant, or
Wischmeyer et al., 1997; Woodward et al., 1997; MakhinaWT) was completely insensitive to inhibition by a drug, and
and Nichols, 1998). This resemblance is intriguing, givenanother was only partially sensitive (and the mutant was
the fact that these channels belong to different gene familiedominant), then, in a combinatorial approach, the fraction of
and share no homology at the amino acid level. Howevermacroscopic current that was attributed to fully WT (or
they have similar membrane topologies, namely, twioe-  fully mutant) channels in a WT:mutant mixture should be
lical membrane-spanning domains and a large extracellulanormalized for such finite sensitivity. In the absence of this
loop (Snyder et al., 1994; Renard et al., 1994; Ho et al.correction, the fractions of channels at each WT:mutant
1993; Kubo et al., 1993). On the other hand, unlike fully DNA ratio were underestimated. For example, in the oo-
functional auxiliary K channel subunits3- andy-ENaCs  cytes expressing only WT channels (i.e., when the WT:
do not form channels by themselves, but potentiate botimutant ratio was equal to 1), the fraction of WT channels
l.mii @nd surface expression of these channels (Canessastould be equal to unity (i.e., all observed channels are
al., 1994; Firsov et al., 1996; Grunder et al., 1997; Awaydd'insensitive” to MTSEA), but not to~0.5 (which is the
etal., 1997). In addition, botB- andy-subunits are thought extent of inhibition). This, in turn, results in an overestima-
to contribute to the amiloride sensitivity of a heterotrimeric tion of the number of subunits. Therefore, the number of
channel (Schild et al., 1997), although the sequence similandividual subunits forming the channel should be less than
to the putative amiloride-binding domain identified in the reported value of three (for each subunit), but more than
a-rENaC is found only in the-subunit (230WYKLHY235; one (because MTSEA-sensitive and MTSEA-insensitive
positions indicated correspond to rat sequence). If the hetdractions of current are distributed unequally in a 1:1 WT:
rooligomeric assembly of the channel occurs because of theutant mixture).
substitution of twoa-subunits in a homotetramer for one  In addition, the cell surface labeling experiments of Fir-
B-subunit (which does not have the sequence) and onsov et al. (1998) accentuate some potentially problematic
vy-subunit (which has this putative domain), the resultinguncertainties of cooperative cell surface expression of
aBy-ENaC should display a diminished amiloride sensitiv-ENaC subunits. First, although the magnitude of an amilo-
ity, similar to that observed in the experiments reportedride-sensitive currentl,,;) in oocytes correlated linearly
here, with the hybrid channels presumably composed ofith the specific binding of 1?3]anti-FLAG antibody to
three WT subunits and one 278WYRFHY283-deletion mu-any two-epitope tag-labeled ENaC subunit§ ¢ g7, o +
tant. The experiments in planar lipid bilayers and cell ex-y", or 7 + ") of three expressed, the same data suggest
pression systems demonstrate that this not the case: thieat increasing the amount of RNA for the third (nontagged)
affinity of heterooligomeric ENaC for amiloride is within subunit (while keeping the amount of RNA for two tagged
the same order of magnitude as that of a homooligomesubunits constant) decreases both the surface expression of
(Canessa et al., 1993, 1994; Ismailov et al., 1996). On thehannels and thi,,,;. In the case o&- andB-subunits, this
other hand, McNicholas and Canessa (1997) demonstratetecrease was linear, whereas a 3- to 10-fold excess of
recently that the affinity otx@ channels for amiloride was +y-subunit cRNA over8 and o (1a:1B:3-10y) produces a
an order of magnitude lower than that af;-ENaC and maximum of bothl,,; and channel expression. Further-
a-ENaC (Canessa et al., 1993; Ismailov et al., 1996) omore, specific binding of a monoclonal antibodyde and
aBy-ENaC (Canessa et al., 1994; Ismailov et al., 1996).y-subunits calculated as an inverse slopel gfi/binding
These observations suggest that, at least in the heterotglot in «"By" was an order of magnitude lower than that in
meric a3y-ENaC, the extracellular domains af, but not  «"B7y anda™". All of these findings are in contrast with
of B- and y-subunits, are dominant in the formation of a the relative abundance aef-subunit overp- and y-rENaC
putative amiloride-binding site outside the pore. It is thus(a > B > v) expressed at the surface in these experiments
possible thatB- and/or y-subunits do not substitute two when only one of three subunits was FLAG-epitope tagged.
a-subunits in the heterooligomer, but add on to the core There is at least one possible explanation that can help to
conduction element formed by aa-tetramer. In other reconcile tetrameric and higher order models, and it has
words, this argument may imply that tetrameric organiza-been mentioned above in relation to the results of the
tion of ENaCs is only a minimal model for these channels.combinatorial experiments reported here. Limited to the
The importance of such a proviso has been demonstratestatistical analyses of functionally distinct phenotypes, this
by the recent report of Snyder et al. (1998), who concludeapproach relies on the assumption that individual subunits
that the three ENaC subunits expressedémopusoocytes  exist as monomers. Therefore, the relative ratio of the
assemble in a®3B:3y ratio. However, taking into consid- operational units producing a functional change (term “frac-
eration that the methanethiosulfonate reagents ((2-amindion of WT or mutant protein” in Eqg. 1) is considered an
ethyl)methanesulfonate hydrobromide, MTSEA, and [2-absolute number of elements in a multimer. This circum-
(trimethylammonium)ethyllmethanethiosulfonate bromide,stance may lead one to underestimate the channel stoichi-
MTSET) used in these combinatorial experiments of Snydeometry. For example, if both WT and mutant form dimers
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by themselves, and each dimer is the minimum operational dosteronism type 1 identified a conserver glycine that is involved in the
unit that produces a change of channel function (i.e., the 9aing of the epithelial sodium chann&MBO J.16:899-907.

- - Ho, K., C. G. Nichols, W. J. Lederer, J. Lytton, P. M. Vassilev, M. V.
substitution of WT for mutant occurs at the level of dlmers), Kanazirska, and S. C. Hebert. 1993. Cloning and expression of an

the results of functional combinatorial experiments will be inwardly rectifying ATP-regulated potassium channBlature. 362:
off by a factor of 2 (or 3 for a trimeric unit, etc.). This may  31-38.

vary for different mutants. Given thi ibili he hiah Ismailov, I. I, M. S. Awayda, B. K. Berdiev, J. K. Bubien, J. E. Lucas,
ary for differe t utants. Given this POSS b. ty, the highest C. M. Fuller, and D. J. Benos. 1996. Triple-barrel organization of ENaC,
number determined for' each SUb'Un't er Q|fferent MUtants 4 cioned epithelial Na channel.J. Biol. Chem271:807—816.
means the best resolution, and this stoichiometry should bgmailov, I. 1., B. K. Berdiev, V. Gh. Shiyonsky, and D. J. Benos. 1997a.
considered minimal. Mechanosensitivity of a cloned epithelial Nahannel: release from
. -+ i . .
In summary, we conclude that a core conduction element ©  block. Biophys. J.72:1182-1192.

. . . . Ismailov, I. 1., T. Kieber-Emmons, C. Lin, B. K. Berdiev, V. Gh. Shlyon-
in cloned eplthellal Na channels (ENaCS) comprises at sky, H. K. Patton, C. M. Fuller, R. Worrell, J. B. Zuckerman, W. Sun,

least foura-subunits. This conclusion is based on the results D. C. Eaton, D. J. Benos, and T. R. Kleyman. 1997b. Identification of an

free planar lipid bilayer system, using two different mutant, channel-. Biol. Chem272:21075-21083.
P P Y y ’ 9 Ismailov, I. I., V. Shlyonsky, O. Alvarez, and D. J. Benos. 1997c. Cation

channel proteins, one with mutations affecting channel gat-"permeanility of a cloned epithelial Nachannel,a, B,y-rENaC.
ing and another with mutations affecting the sensitivity of J. Physiol. (Lond.)504:287-300.
the channel to its specific inhibitor, amiloride. Kleyman, T. R., and E. J. Cragoe. 1988. Amiloride and its analogs as tools
in the study of ion transportl. Membr. Biol.105:1-21.
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