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The epithelial sodium channel (ENaC) is a key element
for the maintenance of sodium balance and the regula-
tion of blood pressure. Three homologous ENaC
subunits (o, B and ) assemble to form a highly N&-
selective channel. However, the subunit stoichiometry
of ENaC has not yet been solved. Quantitative analysis
of cell surface expression of ENaQyx, B and vy subunits
shows that they assemble according to a fixed stoichi-
ometry, with oo ENaC as the most abundant subunit.
Functional assays based on differential sensitivities to
channel blockers elicited by mutations tagging eacl,
B and y subunit are consistent with a four subunit
stoichiometry composed of twoa, one B and oney.
Expression of concatameric cDNA constructs made of
different combinations of ENaC subunits confirmed
the four subunit channel stoichiometry and showed
that the arrangement of the subunits around the
channel pore consists of twa subunits separated by
B and vy subunits.

Keywords amiloride/channel pore/ENaC/epithelial
sodium channel/subunit stoichiometry

Introduction

The epithelial sodium channel (ENaC) belongs to the
recently identified DEG/ENaC channel gene superfamily
(Canesseet al, 1994b) which can be divided into four
different branches, (i) the ENaC channel genes involved in
Nat reabsorption in epithelia, (ii) the voltage-independent
brain Na channel genes (BNaCl and BNaC?2) (Garcia-
Anoveroset al, 1997; Waldmanret al, 1997), (iii) the
degenerins (MEC-4, MEC-10 and DEG-1) of the nematode
Caenorhabditis eleganshat form part of a mechano-
transducing complex for touch sensitivity (Tavernarakis
and Driscoll, 1997), and (iv) the FMRFamide peptide-
gated sodium channel (FaNaCh) found in the shislix
aspera(Linguegliaet al, 1995). The pathophysiological

share in common a structure predicting two hydrophobic
membrane-spanning regions, intracellular N- and C-ter-
mini and a large extracellular loop with highly conserved
cysteine residues (Canesstal, 1994a; Renarcet al,
1994; Snyderet al, 1994; Laiet al, 1996). ENaC is a
multimeric channel made of homologows B andy
subunits surrounding the channel pore (Canessall,
1994b; Schildet al,, 1997). The subunit stoichiometry of
members of the DEG/ENaC gene superfamily has not yet
been resolved. In the present work, we report independent
evidence indicating that ilrKenopusoocytes expressing
the a, B andy subunits, the ENaC channel is composed
of two a, one B and oney subunit surrounding the
channel pore.

Results

Cell surface expression of ENaC o, f and y

subunits

Assessment of thet, 3 andy subunit stoichiometry of
the heteromultimeric ENaC protein was achieved in the
Xenopusoocyte expression system by determination of
the number of individuabi, B andy subunits that form
the channel pore. This appproach assumes that the stoichi-
ometry of a, B andy subunits is fixed when the three
subunits are co-expressed. In tienopusoocyte expres-
sion system, thex 3 y subunits are necessary to obtain
maximal expression of ENaC at the cell surface, indicating
that >95% of functional channel complexes are made of
the a, B andy subunits (Firsowet al, 1996). To exclude
the possibility that ENaC subunits assemble indiscrimin-
ately, we have first tested whether en 3 or y subunit
can substitute for one of its two homologues to form a
functional channel. Binding of an iodinated monoclonal
antibody (mAb) against an epitope in the extracellular
domain of ENaC subunits was used to quantitate cell
surface expression of ENaC subunits in intact oocytes
(Firsov et al, 1996). Pairs of subunits were tagged with
a FLAG epitope (eitheB*yF, afyF or afpF) and co-
expressed with increasing cRNA concentrations of the
untagged subunits (Figure 1A—F). In individual oocytes,
specific binding of {*d]anti-FLAG mAb to FLAG-tagged
ENaC subunits at the cell surface is linearly correlated
with ENaC activity as measured by the amiloride-sensitive
Na* current (l,) (Figure 1A, C and E) (Firsoet al,
1996). This linear correlation allows us to normalize the

importance of ENaC recently has been evidenced by thebinding signal (in fmol) penA of Iy, in other words to

identification of ENaC gene mutations responsible for normalize the number of tagged subunits per active channel
an autosomal dominant form of hypertension (Liddle expressed at the cell surface. In the case of indiscriminate
syndrome) and for a salt-losing syndrome termed pseudo-aggregation of ENaC subunits, competition between
hypoaldosteronism type-1 (Shimkess al, 1994; Chang untagged and tagged subunits will result in a decrease in
et al,, 1996). the binding (fmolf1A). In Figure 1B, D and F, the number
All the members of the DEG/ENaC gene superfamily of FLAG-tagged subunits expressed at the cell surface as
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Fig. 1. ENaC expressed at the cell surface is composed of a fixed numiserBoédndy subunits. (A and BXenopusoocytes were injected with 0.3
ng of cRNA of each FLAG-taggefl andy ENaC subunit 8~y") and different cRNA concentrations [0.81), 1 (), 3 (O), 10 (A) and 30 ¢) ng]

of the non-tagged: subunit. ) A representative experiment showing the linear correlation between bindifg§&ifti-FLAG antibodies to and

y FLAG-tagged subunits (fmol/oocyte) and the amiloride-sensitive curfgirhéasured in individual oocytesB) Ratios of specific antibody binding
normalized for {5 (fmol/pA) measured in individual oocytes over a wide range of injectatbn-tagged cRNA concentrations. Errors bars are
means* SE of three experiments performed with 12 oocytes per experimental condffiandD) Same experiments as in (A) and (B) but with
oocytes injected with 0.3 ng of cRNA of FLAG-taggedandy ENaC subunitsqF,y") and increasing cRNA concentrations [03)( 1 (&), 3 (O),

10 () and 30 ©) ng] of the non-tagge@® subunit. E andF) Same experiments as in (A) and (B) but with oocytes injected with 0.3 ng of cRNA
of FLAG-taggeda andp ENaC subunitsd™,8F) and increasing cRNA concentrations [0[3)( 1 (5), 3 (O), 10 (A) and 30 ) ng] of the non-
taggedy subunit.

determined by specific binding ot?lJanti-FLAG mAb
normalized for the measured curregt(fmol/puA) remains
constant, despite injection of increasing concentrations of

Table |. Differential expression oér, B andy ENaC subunits at the
cell surface

cRNA encoding the untagged subunit. Thus when the Binding P n

three subunits are co-expressem, B and y subunits (fmol/uA)

are not interchangeable_, supporting the hypothesis_ thatang 0.055+ 0.007 10

assembly of the subunits occurs according to a fixed 0.006

stoichiometry. This lack of interchangeability among opfy 0.028+ 0.005 10

ENaC subunits signifies that upon expression ofdh@ 0.062

and y subunits with similar concentrations of cRNA 9BY" 0.016= 0.002 8

message, the formation off or ay channel complexes o 0.044+ 0.006 10

is unlikely, and if present they account for a very small . . 0.002

fraction of the channels expressed at the cell surface. By 0.085= 0.009 0.104 10
The binding assay also allowed us to estimate the grgr, 0.105+ 0.007 ' 10

relative abundance of eaah 3 andy subunit expressed
at the cell surface. Table | shows the specific binding of
[**A]anti-FLAG mAb normalized pepA of |, (fmol/uA) Specific binding of }23]anti-FLAG antibody (12 nM) normalized for
in individual oocytes expressing different combinations Ina (fmol/pA) in oocytes expressing combinations of one FLAG-
of FLAG-tagged subunits. Among oocytes expressing fagged subunit together with two non-tagged subunifs -y, a—"-
channels made of one FLAG-tagged subunit and two x,o?;tg—f) and combinations of two FLAG-tagged subunits with one
. . S . gged subunioEB Ty, o™~ aF-BF-y). Oocytes were

untagged subunits, a higher binding signal was detectedinjected with equal amounts (3.3 ng) of B andy subunit cRNAs.
when the FLAG epitope was present on thesubunit The equilibrium dissociation constaliy, of the antibody was similar
(GFBV) compared with conditions where the epitope was for the three FLAG-tagged subunits (3 nM) as determined in separate
on thep or y subunits ¢BFy, afyF). These binding values ~ €XPeriments (data not shown). Results are mearSE forn

. . . independent experiments each including 8-10 oocytes. Specific
obtained for _Channels with one tagged Subumt SUggest yinging of [124]anti-FLAG M2 monoclonal antibodies to FLAG-
that the relative abundance of ENaC subunits at the cell tagged ENaC subunits was performed in individual oocytes according
surface follows the ordenr > (3 > vy, although the  to Firsovet al (1996).
difference in binding between oocytes expressuffy
anday" did not reach statistical significance & 0.06). channels detected at the cell surface suggests that the
Comparison of oocytes expressing channels made of twosubunit composition of ENaC involves significantly more
FLAG-tagged subunits and one untagged subunit showsa than or y subunits, and consequently that the channel
similar results. A higher binding signal (fmplA) was stoichiometry consists of more than three subunits. How-
measured when the subunit was taggedi{B-y, aFpy") ever, the information obtained from these latter binding
compared with channels with taggdtiand y subunits experiments is limited in terms of absolute numbers of
(aBFyF). The higher number ofx subunits per active  subunits forming the channel. We have therefore used two

aFpRyF 0.156 + 0.018 10
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other independent approaches to assess ENaC subunif\

stoichiometry.

Subunit stoichiometry assessed by interactions of
ligands with co-expressed sensitive and resistant
mutant subunits

Channel subunit stoichiometry can, alternatively, be deter-
mined by functional analysis of differential channel sensit-
ivities to blockers conferred by point mutations as first
described by MacKinnon (1991) for the Shaker K channel.
The Cys substitutions for residues Gly525 and Gly537 in
the 3 andy ENaC subunits respectivel§soscandygsszc
mutants) decrease ENaC affinity for amiloride 3¢ 000-
fold (Schildet al, 1997). The corresponding Ser58&8ys
mutation on thea subunit figsg39 exhibited a unique
channel block by external Zh (Schild et al, 1997). The
stoichiometry of thea subunit was first assessed by
blocker titration curves of channel mixtures resulting from
co-expression of fixed ratios af wild-type andagsgsc
mutant subunits with wild-typ§ andy subunits. Figure
2A shows that wild-type ENaC is insensitive to block by
Zn?* (inhibitory constank; >10 mM), whereas thessgsc
mutant is highly sensitive to Zf block (K; = 30 uM).
The inhibition curves obtained for mixtures of wild-type
and mutanta subunits are distinctly biphasic and could
well be described by the participation of two channel
types, i.e. ZA'-sensitive and Z#'-insensitive channels,
with K;s for Zr¢™ block of 30uM and 16 mM respectively.
Indeed, a ZA" titration curve will not show a biphasic
behaviour, as in Figure 2A, if a significant fraction of
channels with intermediate Zh sensitivity is generated
by the expression of mixtures of wild-type and mutant
o subunits.

For a fractional expression of thessgsc mutant fmud
of 0.43, only a small fraction of channels expressed are
sensitive to ZA" block, as shown in Figure 2A by the
20% inhibition of |, obtained with 1 mM ZA*. On
increasing the fractional expression of thgsgzc mutant
to 0.79 (mud, only 60% of amiloride-sensitive current
shows a high sensitivity to block by Zh. These results
indicate (i) that expression of mixtures @fwild-type and
O gsg3c Mutant subunits produced two distinct populations
of channels with Z&* blocking affinities of either fully
wild-type or agsgsc mutant channel phenotype, and (ii)
that Ser583 of the wild-typ@ subunit has a dominant
effect on resistance to 2h block, suggesting that more
than one mutated subunit is needed to confef*Zn
sensitivity to the channel. Using MacKinnon’s formalism,
the titration curves for wild-type andgsgzc mutant chan-
nels were best fitted assuming the participation of two
subunits in conferring Z1 sensitivity (Figure 2B). The
predictions obtained for alternative subunit stoichi-
ometries, such as thre@esubunits where all three or only
two mutated subunits confer Znsensitivity, significantly
deviate from our experimental data.

The amiloride titration curves of \} in oocytes
expressing mixtures of wild-typ@ and Bgso5c mutant
subunits together witta and y wild-type subunits are
also biphasic. The amiloride-sensitive component \gf |
exhibits aK; similar to wild-type, while the amiloride-
resistant component with I§; in the micromolar range is
comparable with the fullyBgs.5c mutant channel (Figure
3A). The amiloride-resistanty} plateaus at a fraction of
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Fig. 2. Zn?* inhibition curves of N& current expressed by they
ENaC using wild-type and/or mutaat subunits. A) Wild-type oy
ENaC @) is resistant whereas thoessgsf3y mutant @) is sensitive to
block by Zr#*. Fit of the data to the Langmuir isotherm (solid line)
gives akK; of 16 mM for the wild-type ENaC and K; of 30 uM for
the mutantigsgsy. Expression of mixtures afigsgzcanda wild-
type (&, V) together withp andy subunits shows a biphasic Zh
inhibition curve. Data from fractional expressid,() of the assgsd3y
mutant of 0.43 4) and 0.79 V) over wild-typea subunits co-
expressed witf8 andy subunits were fitted to the sum of two Hill

equations (solid lines):
B B
— +1/ 4 1+
Kiz Kiz

|
= |1/ [ 1+(
ICOI’]

where B is the ZA" concentration,;l and b, are the fractional current

of the Zr#"-sensitive and Z#'"-resistant components of, andKi,

andK;, their inhibition constants of 30 and 16 mM. Error bars are
meansx SE. B) Predictions for the number of mutatedsubunits
required to confer ZA" sensitivity on the channel. Data are taken

from (A). The solid line represents the prediction for a twsubunit
stoichiometry where each subunit participates i Zooordination as
depicted by the schematic representation of the ENaC channel. Fit was
obtained according to Equations 1 and 2 in Materials and methods. Fit
of the data (solid line) assumes= 2 a subunits, a ZA" K; of 30 uM

for the mutant channel with both subunits mutatedoissgac-0ss83d

and aK; of 16 mM for the Zr#"-resistant channels including the fully
wild-type ENaC Qyiid-type—Owild-type) @nd the hybrid channelsif;g.
type~Os583c AN Us583c-Owild-type) NAVING ONeat subunit mutated. The
dotted lines represent the predictions for a channel made of three
subunits in which either all three mutated subunits (upper dotted line)
or only two mutated subunits (lower dotted line) are necessary to
confer Zr#* sensitivity.

~0.3 and 0.7 of the total current, values that correspond
to the fractional expression of th&;s,5c channel mutant
(fmut = 0.32 and 0.7). Thus no dominant phenotype
regarding amiloride sensitivity can be observed for the
Baszscmutation, by contrast to the dominantZrresistant
phenotype shown previously. These findings are expected
for two distinct amiloride- sensitive and -resistant channels,
with a singlegs,5cmutation on ong subunit responsible
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Fig. 3. Amiloride inhibition curves of macroscopic Nacurrent (k)
expressed by heteromultimemBy ENaC made of wild-type and/d@y
mutant subunits.A) Wild-type aBy ENaC @) shows aK; for

amiloride of 80 nM, and theiBgs5¢y mutant @) a K; of 87 uM
according to best fit of the data to the Langmuir isotherm. Amiloride
inhibition curves obtained from mixtures of tfig;s,scmutant and the
wild-type 3 subunit at different fractions of mutant suburfi, [; of

0.32 #) and 0.7 4&)] are biphasic. Data¥,A) were fitted (solid lines)
to the equation in Figure 2 legend, assuminlg; dor amiloride of 80
nM for the sensitive component and 8% for the resistant
component ofly, and two distinct channel species (wild-type or
mutant) with onef subunit. The schematic illustration represents one
3 subunit contributing to channel block by amilorid&) (Low

amiloride affinity ; = 45 pM) of the ygs37c mutant @). Data from
fractional expression of th@ssz7c mutant {,,) of 0.60 &) and 0.23
(¥) over the wild-typey subunit were fitted (solid lines) to the
equation in Figure 2 legend, withi§ for amiloride block of 80 nM
and 45uM for the amiloride-insensitive and -resistant components of
the titration curve. Fit assumes two channel species with a single
subunit involved in block by amiloride as shown in the schematic
illustration of the ENaC channel.

for the amiloride resistance. A sing[& subunit stoichi-
ometry predicts an amiloride titration curve that closely
fits our experimental results (Figure 3A). Alternative
models involving the participation of twWassoscmutations

on two 3 subunits responsible for channel resistance to
amiloride could not fit our experimental results (data
not shown).

Amiloride inhibition curves obtained from expression
of mixtures of wild-typey and ygs37c mutant subunits
exhibit a similar biphasic shape to that observed for the
Basosc mutant, indicative of the presence of two types of

ENaC subunit stoichiometry

directly to the fraction of/gs3,cmutant channels expressed
(fmut= 0.64 and 0.26), indicating no dominant or recessive
effect of the mutation. The amiloride inhibition curves
(solid line) for mixtures of wild-typey andygs37c mutant
channels are consistent with a model of one but not two
y subunits involved in amiloride resistance (Figure 3B).

Subunit stoichiometry assessed with concatameric

ofy constructs

Analysis of Zrf* and amiloride block ofly, resulting
from expression of mixtures of wild-type and mutant
subunits suggests a minimal ENaC stoichiometry of two
a, one 3 and oney subunit. It remains possible that the
number of channel subunits determined fron?Zmand
amiloride blocking interactions with the channel might be
different from the actual ENaC subunit stoichiometry. In
order to obtain further evidence for a tveq onef3, one

y stoichiometry, we have used an additional approach
based on the generation of different concatamers (tri- and
tetrameric constructs) made of 3 andy subunit cDNAs
linked in a head-to-tail fashion (Limaat al., 1992). These
trimeric and tetrameric constructs were co-expressed with
monomerica, B ory subunits to test for complementation
of the concatamers by mutant or wild-type monomeric
subunits in forming functional channels. Complementation
was assessed by changes in the pharmacological properties
of the channel. This strategy assumes that single mono-
meric subunits cannot form a homomeric channel with
detectable \,: this assumption was verified in previous
experiments showing that at most 1% @f, tould be
accounted for by functional homomeric channels resulting
from expression of tha subunit alone, whereas no current
is detected with expression @ or y subunits (Canessa
et al, 1994b; Firsowet al,, 1996).

To ascertain first whether efficient translation and correct
protein synthesis occurred, cRNAs encoding concatamers
were co-injected with monomeria subunit cRNA into
Xenopusoocytes which had been metabolically labelled
with [3%S]methionine. Expressed channels were then
immunoprecipitated with an anti- polyclonal antibody.
The experiments in Figure 4 with expression Bfy—
andp—yo—a concatamers show that the polypeptides are
correctly synthesized, as evidenced by proteins with the
expected 250 and 340 kDa mol. wts respectively. The
translation of the tri- and the tetrameric concatamers was
~10 time less efficient than that of the monomecdic
subunit (95 kDa). Similar results were obtained with the
other tri- or tetrameric constructs tested in this study. The
lower efficiency of concatamer translation required, for
the complementation experiments, injection of a 10-fold
lower quantity of message encoding monomeric subunits.

Expression of the mutant trimeric constrysty—0ssgac
made from theaigsgzcmutant subunit and wild-typp and
y subunits, generated a robust amiloride-sensitive” Na
current. The current expressed was sensitive t"Zn
block, indicating that thengsgsc subunit of the trimer
participates in the formation of the channel pore (Figure
5A). When the—yagsg3ctrimer was co-expressed with
wild-type a subunits, 50% of the current was resistant to
Zn?* at a concentration of 1 mM. This significant fraction
of Zn?"-resistant current indicates that the monomeric

channels, either sensitive or resistant to amiloride (Figure subunit is capable of complementing the trimer, and in

3B). The fraction of amiloride-resistantd is related

doing so renders half of the channels resistant t6*Zn
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Fig. 4. Immunoprecipitation profile of co-expresspey-a or B—y—a—
o cDNA constructs together with thee ENaC subunit. Oocytes were
injected with—y—a or f—y0—a cRNAs witha cRNA in a molar
ratio of either 1:1 or 10:1 respectively

blockade. The interpretation of these results is illustrated
in Figure 6A. When expressed alone, tBey—0gsgac
trimer is complemented by @agggsc subunit that is part
of a separate polypeptide chain, and the two mutated
subunits confer Z#t sensitivity to the channel. When co-
expressed with monomeriz subunits, complementation
of the B—y—0g5g3c Mutant trimer by a wild-typer subunit
results in hybrid channels composed of one wild-tgpe
and onengsgscmutant subunit that are insensitive to?Zn
in accordance with the dominant Znresistant phenotype
shown previously. The wild-typp—y—a trimer is insensit-
ive to Zr?t, and co-expression with thegsgsc mutant
subunit does not change channel resistance % Zas
expected for hybrid channels made of one wild-type and
one mutanta subunit. The same results were obtained
with different wild-type a—y{f3, a—3—y and —o—y trimer
constructs co-expressed with tlogsgzc mutant subunit
(data not shown). The evidence that g0 gsg3ctrimer
is complemented by subunits is consistent with a channel
made of at least twax subunits, and further supports
the hypothesis that channel blockade by*Ziinvolves
coordination with two cysteines provided by two distinct
o subunits. Furthermore, we can exclude the possibility
that threea subunits are involved in the formation of the
channel pore: if wild-type trimers are complemented by
two or more monomeritissgzc mutants, this should have
conferred, at least to some channels, thé Zsensitive
phenotype that requires two cysteines on wveubunits.
No Zr?*-sensitive current could be detected in co-expres-
sion experiments of wild-typ@—ya, a—y-, a3~y or
B—o—y trimers witha gsgzcmutant subunits, indicating that
these trimers are indeed complemented by a siagigsc
mutant subunit.

Expression off3—y~a trimers resulted in amiloride-
sensitive channels with an amiloride affinity identical to
that of channels expressed by monomexic3 and y
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Fig. 5. Complementation of tandem trimerfs-y—a constructs by
monomerica, B or y subunits. A) Zn?* titration curve of N& current
(Ina) expressed by the wild-type trimeric constrfiety—a alone @,
mean |z = 32 = 12 pA) or co-expressed with thegsgacsubunit @,
mean ), 15 + 6 pA), and thep—yagsgsctrimer (&, mean |, = 28
+ 12 pA) alone or witha wild-type subunit 4, mean |, = 15+ 9
HA). Fit of the data gave &; of 100 uM for Zn?* block of thep—y—
Ossgac In oocytes expressinB-y—0ssgsctogether with then wild-
type subunit, 50% ofy, is insensitive to ZA™ block at a ZR*
concentration of 1 mM.K) Amiloride inhibition curve of j,
expressed by the wild-type trimeric constrigsty—o (@, mean j, = 6
+ 3.5pA) alone or together with th@ggso5c subunit @, mean |5 =
2.5+ 1.6 pA) shows akK; of 86 and 33 nM respectively. The
amilorideK; for the trimerBgsoscy—a (A, mean |, = 5.2 = 4.1A)
was 58 and 31uM when co-expressed with the wild-tyf@e(4, mean
Ina = 3.9 £ 2.9 pA). (C) Amiloride inhibition curve of |, expressed
by the wild-typep—y—a trimer (@, mean j, = 11 = 9 pA, K; = 49
nM) or co-injected with mutanygsa7c subunits @, mean f, = 6.2 =
5 YA, Kj =75 nM). The trimeric mutanB—ygs37c-0 (4, mean 5 =
13 + 6 pA) was resistent to amiloridek{ = 62 uM) when expressed
alone or together with the wild-type subunit &, mean |, = 8.6 = 4
UA, K; = 21 uM). Each data point represents the mearSE of 8-12
oocytes. Data were fitted to a Langmuir isotherm (solid lines). *
Denotes mutated subunitSgsgsg Basasc OF Yas37c

ment the trimer or compete with a homologous subunit to
confer amiloride resistance to the channel (Figure 5B and
C). As controls, trimeric constructs made with either
Basosc OF Yos37¢c Mutant subunits expressed an amiloride-
resistant |, confirming that both subunits participate in
the formation of a functional channel. Co-expression of
the mutantfgsos5cy—0 or B—Ygs37c-0 trimeric construct
with either the wild-typef3 or the y subunit did not

subunits (Figures 3A and B, and 5B and C). Co-expression significantly change the channel resistance to amiloride.

of the3—y—a trimer with eithel3gs,5:-0r Ygs37cmutants did
not significantly modify channel sensitivity to amiloride,
indicating that monomeri@ andy mutants do not comple-
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This lack of complementation of thg-y—a trimer by 8
or y subunits confirms that on@ and oney subunit are
sufficient to form the functional channel protein. The



Fig. 6. Pictorial representation of possible subunit arrangements in a
channel made of the mutafty—tgsgactrimer complemented by a
monomerica wild-type subunit. When expressed alone, fre—
Ossgactrimer is complemented by the subunit of another tandem
trimer to form a functional channel. Co-expression of fhg—a trimer
with a subunits leads to incorporation of a monomeric subunit
resulting in two possible subunit arrangemenss) The two
neighbouringa subunits are flanked b§ andy subunits. B) The two

a subunits are separated Byandy subunits. N and C denote the
amino- and carboxy-termini of the polypeptide chain.

complementation experiments of ENaC subunit trimers
further support a stoichiometry consisting of two one

B and oney subunit. They do not, however, provide
any information on the subunit arrangement around the
channel pore.

Complementation of the trimerig—y—a construct with
monomerica subunits may result in two distinct subunit
arrangements with respect to the positionooubunits,
as illustrated in Figure 6. In one configuration, the two
subunits are located side by side flanked [byand y
subunits (Figure 6A). The other configuration places the
two a subunits opposite each other across the channel
pore, separated by and y subunits (Figure 6B). To
explore these two alternative subunit arrangememtf;-

o-y and B—y-a—a tetramers were constructed with the
Ossgac Mutation on both subunits. When expressed, both
tetramers generated a robust amiloride-sensitivé dNa-
rent that was blocked by Zh with aK; of 42 uM (Figure
7A). Co-expression of theigsgsc{3—0g583cy tetrameric
construct with monomeric wild-type subunits did not
change the Z# sensitity expressed by the tetramer alone.
It indicates that thexgsgscf3—0s583c-Y tetramer does not
require complementation by anothar subunit to form

a functional channel, consistent with a two subunit
stoichiometry. By contrast, tH&-y—0gsg3c-0g583ctetramer
was complemented by a monomedicsubunit, as deter-
mined by a complete loss of channel sensitivity to>Zn
block when the tetramer was co-expressed withvild-
type subunits. Complementation of thedssgzc-0ss83c

[ tetramer bya monomers could also be evidenced (data
not shown). Thus only ona subunit of thef—+a—a or
y-0—0—f3 tetramers participates in the channel pore, the
othera subunit being supplied by either a separate tetramer

ENaC subunit stoichiometry

B ox—P-ox—y
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Fig. 7. Expression and Zt sensitivity ofa,B,y; tetrameric
constructs. &) Zn?" titration curves of mutanB-y—0gsg3c-asssac (O,
mean j, = 8.3 = 6 pA) alone or co-expressed with the wild-type
subunit @, mean f, = 21 += 11 pA), and 0gsg3c B0 s583Y
tetramersd, mean f, = 3.5 = 3.3) alone or co-expressed with the
wild-type o subunit &, meanly, = 3.8 = 2 uA). The K; of Zn2*
block was 43uM for agsg3cf3—0s583c-Y alone or co-expressed with
monomerica subunits, and 42M for —y—0ssg3c-Ossg3ctetramer
expressed alone. *Denotes thgsgzc mutation. B) Tetramers made of
one mutatedigsgscare resistant to 21 block (@, mean |, = 3 =
1.9 pA), and co-expression with a monomergsgszc mutant (7,

mean J, = 1.5+ 0.9 pA) did not change the 21 -resistant
phenotype of the channel.

or a monomeri@ subunit, in forming the correct subunit
arrangement around the channel pore. The absence of
complementation of thegsgsc3—0 5553y tetramer bya
subunit favours the picture of ENaC being comprised of
two a subunits separated [ffyandy subunits arranged in

a ring-like structure around the channel pore. The ENaC
stoichiometry and subunit arrangement of ENaC is
supported further by the experiments shown in Figure 7B.
This tetramer formed with one mutantssgsc and one
wild-type a subunit is resistant to 2@ block, con-
firming our previous observation, made with co-expression
of mixtures ofa subunits, that Z#" blockade requires
two mutatedasgsc subunits. Co-expression of thef3—
OgsgacY tetramer with a mutatedgsgsc subunit did not
generate Zfi -sensitive channels, indicating that tire3—
OgsgacY tetramer is not complemented by the monomeric
Ogsgac Subunit. Finally, we have verified at the single
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channel level that thei——a—y tetramer reproduces the subunits. The preferredfy form of ENaC is not altered
biophysical and pharmacological properties of the wild- by injection of a 100-fold higher quantity of message
type ENaC: a slow gating channel with openings and encoding a single subunit. Thus, Xenopusoocytes,
closures on the time scale of 1 s; a 5 pS conductance fordifferential assembly of ENaC subunits into various con-
Nat ions; and a typical ionic selectivity sequence of Li  figurations upon co-expression of, B and y subunits
>Na" >>>>K* (data not shown). is unlikely to occur. This is supported further by our
complementation experiments with tetrameric constructs
which provide evidences that the subunit arrangement
around the channel pore forms a preferrael—a—y

In the absence of high resolution images of the ENaC, its configuration. A similar preferential subunit assembly has
subunit stoichiometry can be assessed alternatively bybeen documented for thee 31 > subunits of the GABA
indirect approaches consisting of tagging individual sub- receptor channel: upon expression of thng 3; andy,
units with radiolabelled antibodies or using site-directed subunits, assembly results in a prefereg;y, form of
mutations that modify the functional properties of the the channel and the functional3; channel complex is
channel. In the present work, we have combined three almost never observed at the cell surface (Angelotti
different approaches to determine the numben g8 and and Macdonald, 1993). The preferential ENaC subunit
y subunits that participate in the formation of the ion- assembly shown in the frog oocytes does not, however,
conducting structure of the channel. A quantitative analysis exclude the possibility that in native tissues where two
of cell surface expression of ENa&, 3 andy subunits subunits are expressed predominantly, as, for instance, in
enabled us to show that ENaC subunits assemble accordinghe lung, ENaC channels might exist in different subunit
to a fixed stoichiometry, and that the numbeoagubunits compositions (Farmart al, 1997). If ENaC exists in
normalized per functional channel expressed at the cell different subunit configurations, the tetrameric architecture
surface is higher thaf8 or y subunits. Two functional  of the channel will certainly be conserved, as well as the
assays, based on differential sensitivities to channel block- number ofa subunits, leading t@,f3, or a,y, channel

ers elicited by mutations on individual subunits, and on the complexes.

functional expression of concatameric ENaC polypeptides, The subunit stoichiometry of the other members of the
provide evidence that ENaC is a tetramer made of@yo ENaC/DEG channel gene superfamily, such as BNaC or
onef3 and oney subunit that assemble pseudosymetrically degenerins, has not yet been established. However, genetic
around the channel pore to form a functional channel. experiments oiC.elegansuggest channel assembly from
In addition, complementation of tetrameric concatamers two different but homologous degenerin gend&C-4
allowed us to provide evidence that the likely subunit and MEC-1Q and the presence of more than one MEC-
configuration around the channel pore consists of two 4 subunit in forming the mechanotransducing channel
subunits separated by offeand oney subunit. complex (Huang and Chalfie, 1994; Det al, 1996).

In the Xenopusoocyte expression system, tle 3 Because of similarities in their primary and secondary
andy subunits are necessary for maximal expression of structure and in their functional and pharmacological
functional channel complexes. Previous reports have characteristics, we propose that members of the ENaC/
shown that individuaP3 or y subunits by themselves are DEG gene superfamily share a common heterotetrameric
not expressed at the plasma membrane and cannot fornstructure. The tetrameric subunit stoichiometry represents
a functional channel (Canesstal, 1994b; Firsowet al, a structural feature common to other cation-selective
1996). In the initial cloning experiments, expression of channels belonging to the voltage/second messenger-gated
ENaC a subunits resulted in a small current amplitude channel family and to other eukaryotic potassium channel
that represents at most 1% of the amiloride-sensitive families such as the inward rectifier and slowpoke K
current resulting from co-expressionaf3 andy subunits channels. These channel proteins contain four homologous
(Canessat al, 1993). This barely detectable amiloride- domains that associate to form the channel pore. The pore
sensitive current resulting from expressionocokubunits region (P region) involves a hairpin structure flanked by
alone correlates with the low level of subunits present two transmembrane helices that enters and leaves the
at the cell surface as it subunits were not efficiently = membrane at the extracellular side.
targeted to the plasma membrane in the absen@eanid The structures of ENaC involved in the ion permeation
y subunits (Firsowet al, 1996). Therefore, the presence pathway have not yet been defined clearly. However, the
of individual ENaC subunits or homomeric channels at Ser583 residue on the subunit and the corresponding
the cell surface will not interfere to a significant extent Gly525 and Gly537 residues on tiieandy subunits are
with our results. Co-expression of two ENaC subunits, clearly located within the ion permeation pathway since
either a together with or a with y subunits, generates cysteine substitutions at these positions generate$a Zn
functional amiloride-sensitive channels with slightly dif- binding site that either blocks the channel or reduces the
ferent functional properties (McNicholas and Canessa, single channel conductance (Schiéd al, 1997). The
1997). Once again, the level of expression of theSeor domain encompassingSekgs BGlys,s and yGlysz; may
ay channel complexes at the cell surface is low, and the well represent a similar hairpin structure preceding a
amiloride-sensitive current measured represents at mosttransmembran& helix involved in the outer mouth of
5% of that measured with co-expression of the ttue@ the channel pore. Consistent with this model, experiments
and y subunits. When thex, B and y subunits are co-  using proteolytic digestion ciENaC have demonstrated
expressed, we have been able to show that the subunitghat a short segment encompassing Ser583 in thgunit
in the afy channel complex are not interchangeable, was insensitive to proteolysis, suggesting an intramem-
implying a preferential assembly that involves3 andy brane topology (Renaret al., 1994).

Discussion
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Thus, the picture of K or Na channels that arose from

numerous structure—function studies, i.e. a membrane

protein formed by four subunits arranged in a ring-like

ENaC subunit stoichiometry

ENaC subunit construct were used: one calledn®dified construct’

in which the stop codons were mutated to contain a unitjpal
restriction endonuclease coding sequence (GTT/AAC) followed by a
unique Xhd site in the 3 non-coding region. The other so-called-5

structure around a central pore, also seems to apply t03'-modified construct’ contained thé Sonstruct modifications described

ENaC and probably to all the members of the ENaC/

above in addition to replacement of the firstAS'G codon with a linker

degenerin gene family. Despite their unrelated primary of eight glutamines as an inter-subunit bridge; in addition, a unique

sequences, ENaC and other cation channels such as inwarE

caRV restriction site has been introduced preceding the firgilBamine
odon site. All the constructs have been verified by DNA sequencing.

rectifier K channels and Shaker K channels may representyyitimeric constructs were obtained by digestion of the-B-modified

a diverse array of related proteins, in particular with
respect to the structure forming the channel pore.

Materials and methods

Binding experiments

Specific binding of }29]anti-FLAG M2 mAbs to FLAG-tagged ENaC
subunits was performed in individual oocytes as previously reported
(Firsovet al, 1996).

Heterologous expression of wild-type and mutant ENaC

subunits

The experiments were performed with the rat ENaC cDNA encoding

3 andy subunits. Mutations were introduced in the cDNA sequence by
PCR using a three-step protocol described previously (Sckildl,
1997). Complementary RNAs of eaah andy subunit were synthesized

in vitro and stored at a concentration of 100pigOocytes were injected
with 3.3 ng of cRNA encoding eaath,  andy subunit (total cRNA=

10 ng), unless otherwise stated in the figure legends. This cRNA
concentration is ~10-fold higher than the lowest concentration (1 ng of
total cRNA) able to produce maximal expression of ENaC channels.
Amiloride-sensitive N& current (ko) was recorded with a two-micro-
electrode voltage clamp at a holding potential of —100 mV as previously
described (Schilet al, 1995).

In oocytes expressing a mixture of blocker-sensitive and -insensitive
channels, the overall unblocked fractiob.{,) at a defined blocker
concentration ([B]) is equal to the sum of the unblocked fractions due
to each channel specie§ (MacKinnon, 1991):

n K,
Umix = z Fi (—Ki Bl )

i=0
whereK; is the inhibition constant for thgh channel species arfis
the fraction of channels that aietype (sensitive or resistant}; is

given by:
n
| tha*

wheref,,;andf,; are respectively the fraction of mutant and wild-type
o subunits expressed by the oocyte, witlthe number ofx subunits.

The fractionsf,; and f,,,; expressed in oocytes were determined by
known ratios of cRNAs assuming that wild-type and mutant subunits
are expressed to the same extent and assemble in a random faghion.
expressed by thengsgsdfy, 0Bgsasy and ofygsszc mutants were
respectively 0.76+ 0.13, 0.47+ 0.07 and 1.50+ 0.18 f = 45-55
oocytes) relative to wild-type ENaC. Thus, for a 1:1 cRNA mixture of
05833y mutant andx wild-type, the fractional expression of the mutant
channel types is lower than expected from the amount of cRNA injected,
andf, becomes 0.43 (0.76:1) instead of 0.5 (1:1). Similarly, a 1:1 cRNA
mixture of aBgs5cy mutant and3 wild-type effectively corresponds to
a fyt value of 0.32, and dq, of 0.60 for a 1:1 cRNA mixture of
aBygs37c mutant overy wild-type. The condition of random assembly
of wild-type and mutant subunits to form functional channels was
verified by comparison of binding offA]anti-FLAG mAb to FLAG-
tagged mutant subunits and the FLAG tagged wild-type subunit when

)

Fi= (2

construct’ withEcdRV and Xhd and insertion of the digestion product
into the ‘3-modified construct’ cut wittHpal—Xhd.

To check for correct protein synthesis, cRNAs encoding the trimeric
or tetrameric constructs were injected into oocytes metabolically labelled
with [3°S]methionine and immunoprecipitated with aatirabbit poly-
clonal antibody. In co-expression experiments, oocytes were injected
with 10 ng of cRNA encoding the trimer or tetramer and 1 ng of
cRNA encoding the monomeric subunit to obtain equal amounts of
synthesized protein.
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