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The epithelial Nat channel (ENaC), composed of three
subunits (@By), plays a critical role in salt and fluid
homeostasis. Abnormalities in channel opening and
numbers have been linked to several genetic disorders,
including cystic fibrosis, pseudohypoaldosteronism type
| and Liddle syndrome. We have recently identified
the ubiquitin-protein ligase Nedd4 as an interacting
protein of ENaC. Here we show that ENaC is a short-
lived protein (ty, ~1 h) that is ubiquitinated in vivo on
the o and y (but not B) subunits. Mutation of a cluster
of Lys residues (to Arg) at the N-terminus of yENaC
leads to both inhibition of ubiquitination and increased
channel activity, an effect augmented by N-terminal
Lys to Arg mutations in aENaC, but not in BENaC.
This elevated channel activity is caused by an increase
in the number of channels present at the plasma
membrane; it represents increases in both cell-surface
retention or recycling of ENaC and incorporation of
new channels at the plasma membrane, as determined
by Brefeldin A treatment. In addition, we find that the
rapid turnover of the total pool of cellular ENaC is
attenuated by inhibitors of both the proteasome and the
lysosomal/endosomal degradation systems, and propose
that whereas the unassembled subunits are degraded
by the proteasome, the assembledfyENaC complex
is targeted for lysosomal degradation. Our results
suggest that ENaC function is regulated by ubiquitin-
ation, and propose a paradigm for ubiquitination-
mediated regulation of ion channels.

Keywords ENaC/half-Life/lysosome/proteasome/
ubiquitination

Introduction

Amiloride-sensitive epithelial Na channels, located at
the apical membrane of Natransporting epithelia, play

1993; O’Brodovich, 1995). These channels are tightly
regulated by hormones such as aldosterone, vasopressin
and insulin as well as PKA/CAMP, PKC, €aand G
proteins (Garty and Palmer, 1997).

The amiloride-sensitive epithelial Nachannel (ENaC)
was cloned recently from rat (Canesgal., 1993, 1994a;
Linguegliaet al,, 1993, 1994), human (McDonalkt al,
1994, 1995; Voilleyet al, 1994) and other species, and
shown to be composed of three homologous subumits,

B- andyENaC. Each subunit consists of two transmem-
brane regions, a large extracellular domain and cytosolic
N- and C-termini (Canesset al, 1994b; Renarcet al,
1994; Snydeeet al,, 1994) including proline-rich regions

in each C-terminus (Rotiat al,, 1994; Staulet al,, 1996).
Proper function of ENaC is crucial, as indicated by the
finding that a gene knockout afENaC is lethal due to

the inability of the —/— mice to clear fluid from their lungs
shortly after birth (Hummleret al, 1996). Abnormally
high ENaC activity has been also demonstrated in cystic
fibrosis patients (Stuttet al., 1995). Moreover, several
inherited human disorders were recently linked by genetic
linkage analysis to mutations in the ENaC subunits. These
include the salt-wasting disease pseudohypoaldosteronism
type 1 (PHAL, Changet al, 1996; Strautniekset al,
1996) and Liddle syndrome, an inherited autosomal domin-
ant form of human hypertension (Liddlet al, 1963;
Botero-Velezet al, 1994). In all these disorders, alteration

in channel gating and/or numbers has been associated
with the disease (Chargt al, 1996; Firsovet al., 1996).

We have recently identified the ubiquitin—protein ligase
Nedd4 as an interacting protein of ENaC (Staatbal.,
1996), and therefore wanted to investigate whether ENaC
is ubiquitinated in living cells and whether such putative
ubiquitination is involved in regulating channel number
and function. Ubiquitination of cellular proteins usually
serves to tag them for rapid degradation (reviewed in
Ciechanover, 1994; Jentsch and Schlenker, 1995). It
involves the covalent attachment of ubiquitin or a poly-
ubiquitin tree onto lysine residues in target proteins.
Several enzymes are involved in this process, including a
ubiquitin-activating enzyme (E1), a ubiquitin-conjugating
enzyme (E2) and a ubiquitin—protein ligase (E3). In
most studies described to date, ubiquitinated proteins are
degraded by the 26S proteasome, a cytosolic threonine
protease complex (Jentsch and Schlenker, 1995; Hilt
and Wolf, 1996). Extensive work has implicated the
involvement of the ubiquitin-proteasome system in regulat-
ing/degrading numerous cytosolic proteins, including
several cell cycle proteins (e.g. cyclin A, B, Clb5p, cln 1,
2, 3p, SIC1) (reviewed in Deshaies, 1995), Ki~and

an essential role in the control of salt and fluid homeostasis IKB (Palombellaet al, 1994), and the nuclear proteins

in the kidney and the colon (Rossier and Palmer, 1992), c-Jun (Treieet al,, 1994) and p53 (Scheffnet al., 1993).

as well as in fluid clearance from the alveolar space at In addition, recent evidence suggests that ER-associated
birth and during pulmonary oedema (Saumon and Basset,protein degradation of either misfolded or improperly
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assembled protein complexes involves the proteasome Time (hrs): O 1 2 3
in either a ubiquitin-dependent or -independent fashion
(reviewed in Brodsky and McCracken, 1997). For example, kDa
the immature form of CFTR becomes ubiquitinated in the
ER and degraded by the proteasome (Jems$ed, 1995, 103- j oENaC
Ward et al,, 1995). 67-
In recent years, it has become apparent that some
transmembrane proteins also become ubiquitinated, and
that ubiquitination is involved in their subsequent degrad-
ation by the endosomal/lysosomal pathway (reviewed in 103-
Hochstrasser, 1996). Examples of mammalian transmem- S s s v | BENaAC
brane proteins which become ubiquitinated include several 67-
tyrosine kinase receptors (e.g. EGFR, PDGFR, c-kit),
cytokine receptors (e.g. T cell and IgE receptors)
(Cenciarelliet al, 1992; Moriet al, 1992; Paolini and
Kinet, 1993; Miyazawaet al, 1994; Galcheva-Garbova
et al, 1995) and the growth hormone receptor, in which 103-
ligand-induced, ubiquitination-dependent endosomal/lyso- - - vENaC
somal degradation of the receptor was recently demon- 67-
strated (Strouset al, 1996). In yeast, the membrane
receptor Ste2 (Hicke and Riezman, 1996) and membrane
transporters Ste6 and Pdr5(Kieg and Hollenberg, 1994;  Fig. 1. Half-life of apyENaC. Pulse—chase experiments®-labelled
Egner and Kuchler, 1996), as well as several yeast aminoa (upper panel) (middle panel) ang (lower panel) rat ENaC
acid permeases including Gapl and Fur4 (Heinal, (called ENaC) stably expressed together in epithelial MDCK cells.
1995; Galanet al, 1996), have been shown to become _Ce[ls were labelled with3fS]Met and Cys fo 2 h and chased for the
S . indicated times (hrs). The calculatég, values arenENaC:
ubiquitinated, a necessary step for their subsequent; 13- 13 (mean+ SE,n = 9) h; yENaC: 1.23+ 0.09
degradation in the vacuoles. The exact degradation path-(mean+ SE,n = 6) h; BENaC:t,, >3 h. Similar results were
way for ubiquitinated transmembrane proteins, and the obtained with NIH-3T3 cells (not shown).
possible involvement of the proteasome complex in this
process, is not known (Hochstrasser, 1996). subunits (Canessat al., 1993, 1994a; McDonal@t al,,
In this report we show that ENaC is a short-lived 1994, 1995). Pulse—chase experiments were performed
protein which becomes ubiquitinated in living cells on the with either kidney epithelial MDCK cells or with NIH-
o andy subunits. The rapid turnover of ENaC is sensitive 3T3 fibroblasts previously triple-transfected and stably
to inhibitors of both the lysosomal and proteasomal expressingafyENaC (Stuttset al, 1995). Cells were
degradation systems; whereas excess of unassembled (dabelled fo 2 h with [**S]methionine/cysteine and then
misfolded) subunits are degraded by the proteasome, ourchased for various periods of time. TaByENaC proteins
data suggest that the assemble@yENaC complex is were subsequently immunoprecipitated with antibodies
targeted to the lysosome. Moreover, mutating a cluster of directed against each of the ENaC subunits, and separated
lysines (to arginines) at the N-terminus gENaC, or on SDS-PAGE (Figure 1). Following SDS-PAGE and
o- plus yENaC, causes reduced ubiquitination, slower autoradiography, bands were excised and radioactivity
turnover and increased Nachannel activity due to  quantified by scintillation counting to determine half-life
increased number of channels at the plasma membrane(t;,;) of the proteins. As is evident from Figure 1A;
Using Brefeldin A treatment, we demonstrate that this andyENaC expressed in MDCK cells have a rapid turnover
increase is caused by an elevated number of mutantrate with a half-life of ~1 hBENaC, on the other hand,
channels retained at the cell surface, as well as byhas a longer half-lifet{,, >3 h). The half-life of the
increased incorporation of mutant channels into the plasmaENaC subunits measured following 1 h pulse was the
membrane. These results suggest that ubiquitination of same as that followip 2 h pulse (not shown). In addition,
ENaC controls the number of channels at the plasmathe turnover rates otiByENaC expressed in NIH-3T3
membrane, and provides a powerful means to regulatecells were very similar to those expressed in MDCK cells

channel function. (data not shown).
Results a- and yENaC, but not BENaC, are ubiquitinated
in vivo
ENaC subunits are short-lived proteins with a A rapid turnover of proteins is often associated with
rapid turnover rate ubiquitination-mediated degradation. We thus wanted to

We have shown previously (Stauwdt al, 1996) that the  test whether thexByENaC subunits are ubiquitinated in
ubiquitin protein ligase Nedd4 binds to ENaC. Since living cells. For these experiments, we used epitope-
ubiquitination of proteins is usually associated with their taggeda- or yENaC because the antibodies available
rapid turnover, we initially investigated the turnover rate against these native subunits, unlike the antibodies against
of afyENaC using pulse—chase experiments. For thesenative BENaC, are not sensitive enough for immuno-
and all subsequent experiments, we usedof@yfENaC blotting. We subcloned HA-taggexENaC, FLAG-tagged
(rENaC), which share ~85% overall amino acid sequence yENaC or untagge@ENaC into CMV-based expression
identity with the corresponding human ENaC (hENaC) vectors. The HA or FLAG tags were added just upstream
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in the transfected cells (in the same experiment). The

tfxn: ¥ precipitation of His-tagged (ubiquitinated) proteins from

A ’ kDa lysates of these transfected cells (Wit?NNTA beads)
Ni-NTA 2 revealed high molecular weight ubiquitinated species of

z ]Ub aENaC (Figure 2A, top panel, bracket) ayieNaC (Figure
Blot: 116- 2C, top panel, bracket), as detected by anti-HA or anti-

anti HA («ENaC) 974 FLAG antibodies respectively; these ubiquitinated ENaC
proteins were only detected in cells co-transfected with

£ 8
the His-Ub construct, and not in cells transfected with the
- " <« aENaC

Lysate ENaC subunits alone or with the His-Ub construct alone
66 (Figure 2A, B and C, top panels). In contrastde or
B Ni-NTA YENaC, theBENaC subunit was not ubiquitinated (Figure
206- 2B, upper panel), even thougRENaC was strongly
expressed in these cells (Figure 2B, lower panel). The
B"’F 116+ ubiquitination of a- and yENaC did not seem to be a
anti BENaC 974 peculiar property of one cell line, because it was also
116- observed in transfected COS-7 cells (not shown). These
Lysate g7. - &= & BENaC results, therefore, demonstrate that affyENaC-trans-
g [ — ) fected cellsg andyENaC, but noBENaC, are ubiquitin-
C Ni-NTA >  ub atedin vivo.
Blot: 206- Mutation of conserved N-terminal lysines
nti fla NaC hyperactivates ENaC channel activity
a g GENAC) 1&?: Ubiquitination of proteins is mediated by the addition of

ubiquitin or multiubiquitin groups onto Lys residues. Since
Lysate 97 [emmems | eENaC we identified ubiquitination ofi- andyENaCin vivo, we
wanted to investigate whether mutation of Lys residues,

Eigk 22-9 gbiqﬁi“”gtiﬁnzgga and\t/v but HOJB, E'\t‘aC ?Xptfejs(ffd i;] " which may serve as the ubiquitin attachment sites, could
ek- cells. Hek-293 cells transiently co-transfected (tfxn) wi ; P ;
HA-taggedaENaC (1), FLAG-taggedyENaC §), BENaC @) and/or lead to increased Nachannel activity. Inspection of the
the His-Ub (Ub) construct were lysed and lysates incubated with sequences of rat (r) and human @PyENaC (Canessa
Ni2*-NTA agarose beads (Rii-NTA) to precipitate histidinated et al, 1994a; McDonaldet al, 1994, 1995) revealed
gJAngititnate?) prgtfinS;tTheﬁelproteing \tl)vlega jep%aéec:_ cl)_r|1A7% SDS-  conserved Lys residues at the N-termini of these subunits
, transferred to nitrocellulose and blotted w nti- ; i i
antibodies (to detect ubiquitinatedENaC), 8) anti-BENaC antibodies (E%urg ?;a] ';(/IOSt Ofs:]hesel Iysmesf allfrﬁ acl:sopcor:;er\lled In
(to detect ubiquitinate@ENaC) and C) anti-FLAG (flag) antibodies XeENal, thexenopu > omo OQU_e. Y aC (Puo ,a "
(to detect ubiquitinateENaC). Ubiquitinated species appear as a 1995). The cytosolic C-termini of these subunits are
cluster of high molecular weight bands (upper panels, square brackets).largely devoid of lysines, and the one or two lysines that
Lower panels of each blot (Lysate) represent expression of the are present i8- or yyENaC (respectively) are very close

transfected proteinaf-, B- or yENaC) in the lysates. Arrows indicate

fully glycosylated forms of ENaC subunits. to the transmembrane domain and are not conserved. We

therefore mutated the conserved lysines at the N-termini
of a-, B- andyrENaC (herein referred to af3yENaC) to

of the stop codons ofi- or yENaC respectively, since arginines either individually or in groups in those cases
tagging at these sites had no effect on channel activity where the lysines were clustered close to each other. The
(not shown). We then transiently co-transfected HA-tagged mutants generated were as follows (see Figure 3): (i) In
oENaC, FLAG-tagged/ENaC andBENaC together with  aENaC: K47 and K50 ¢K47,50R), K108 ¢K108R) or

a plasmid encoding His-tagged multiubiquitin (His-Ub) aK47,50R plusaK108R @K47,50,108R). An additional
(Treieret al, 1994) (kindly provided by D.Bohmann) into aENaC construct was also generated, in which lysines
Hek-293 cells. These cells were chosen because MDCK 23, 26 and 32 (which are not conserved between rat and
cells are not easily amenable to transient transfections.human) of theaK47,50R construct were mutated to Arg,
The afyENaC subunits were expressed together (in Hek- yielding the mutanttK23-50R. (ii) In BENaC: K4, K5

293 cells) to allow for the formation of a functional and K9 @K4,5,9R) or K16, K23, K39, K47, K48 and
channel complex that is able to reach the plasma membrane<49 (BK16-49R). (iii) InyENaC: K6, K8, K10, K12, K13
(Canesseaet al, 1994a; Firsowet al, 1996). Twenty-four (YK6-13R), K26R yK26R) or K6-13 plus K26R yK6-
hours after transfection, cells were lysed, denatured with 13+26R).

2% SDS, diluted with lysis buffer and the diluted lysates  We then investigated the effect of the above Lys to Arg
incubated with Né"-NTA beads to allow for binding of  mutations inaByENaC on ENaC channel activity. Two-
the histidinated (and therefore ubiquitinated) proteins. electrode voltage clamp experiments were performed in
After thorough washes, bound proteins were eluted and which amiloride-sensitive Na currents (4, were
separated on SDS-PAGE, followed by immunoblotting measured irKenopusocytes expressing the different Lys
with either anti-HA (i.e. anteaENaC), anti-FLAG (i.e. to Arg mutants. Our results show that none of the conserved
antiyENaC), or antiBENaC antibodies directed against Lys to ArgaENaC mutants, when expressed together with
the C-terminus of BENaC (kindly provided by B.C. wild type (wt) ByENaC, had any effect on increasing
Rossier). As can be seen in Figure 2A, B and C (bottom ENaC activity (Figure 4A). This lack of effect on ENaC
panels, lysates)p-, B- and yENaC were all expressed function was also observed with the extenadg<?3-50R
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Fig. 3. N-terminal Lys to Arg mutants ofiByENaC. Schematic representation of the conserved lysine residues at the N-termyrENaC and
afyhENaC. All conserved lysines (Bold letters, boxed), as well as three non-conserved lysine resmEd&{, are numbered according to the
published rat ENaC sequences (Canestsal., 1994a). The numbered lysines were mutated to arginines to create the following mutant constructs: in
oENaC:aK47,50R,0K108R, aK47,50,108R andiK23-50R; in BENaC:K4,5,9R andBK16-49R; inyENaC:yK6-13R, yK26R andyK6-13R +

K26R. (TM1 = the first transmembrane domain of each ENaC subunit.)

mutant (not shown). Similarly, none of the Lys to Arg
mutations within the N-terminus oBENaC, expressed
together with wteyENaC, caused any increase in amilor-
ide-sensitive Na currents. In contrast, the expression of
the yENaC mutantsyK6-13R oryK6-13+26R) together
with wt-aBENaC more than doubled Nahannel activity
(Figure 4A). Moreover, when thigk6-13R mutant was
co-expressed together with tleeK47,50R mutant (along
with wt-BENaC), the hyperactivation of ENaC was potenti-
ated, yielding up to 6-fold stimulation of Nachannel
activity when compared to the activity of the wt channel
(Figure 4A). In contrast, such potentiation was not
observed when th@K4,5,9R or thefK16-49R mutant
was co-expressed with eitheK47,50R,yK6-13R or both

mutations did not affect the conductive properties of the
channel. To distinguish between changes in the channel
open probability and increased surface expression of
ENaC, we used a quantitative binding assay to correlate
in individual oocytes the amiloride-sensitivg, lwith the
number of channel molecules present at the cell surface,
as previously described (Firs@t al., 1996). This binding
assay uses specifiéd-labelled antibodies directed against

a FLAG epitope introduced into the extracellular domain
of each of thenByENaC subunits (wt or the above Lys to
Arg mutants), as described in Materials and methods.
Such epitope tagging does not interfere with channel
function (Firsovet al, 1996). Figure 6A and B show
representative experiments in which amiloride-sensitive

mutants (Figure 4A). These results therefore demonstrate; = ang surface expression of wt-ENaC or Lys to Arg
that a cluster of conserved Lys residues particularly in matants of a- and YENaC @K47,50R; yK6-13R;

YENaC, but also inaENaC, are responsible for the

regulation of ENaC activity, and when mutated, lead to

an increase in amiloride sensitive Nacurrent (k).

Moreover our data show that the Lys to Arg substitutions
increase channel activity only when performed on subunits

previously shown to be ubiquitinateth vivo (a- and

YENaC).

Lys to Arg mutations in yENaC, or in o- plus

YENaC, lead to an increase of Na* channel

numbers at the cell surface

The elevated Nachannel activity associated with the Lys
to Arg mutations inyENaC or a- plus yENaC was
determined by an increase in amiloride-sensitivet Na

aK47,50R + yK6-13R) were measured in individual
oocytes. The Lys to Arg mutants @gENaC were not
tested since none of them was able to elevate channel
activity (Figure 4A). Comparing the ENaC mutants with
wt confirms that thetK47,50R mutations did not increase
the amiloride sensitive Nacurrent (as shown in Figure
4A) or the number of channel molecules expressed at the
cell surface (Figure 5A). For thd<6-13R or theaK47,50R

plus yK6-13R double mutant, the increase g, relative

to wt-ENaC was directly proportional to the increase in
the number of binding sites recognized by the anti-FLAG
antibodies. The significant linear correlation between the
current expressed and the number of ENaC channel

current. In theory, such an increase can result from either Molecules indicates that the Naurrent per channel was
an increase in the number of channels (N) expressed athot significantly altered in the Lys to Arg mutants relative

the cell surface, and/or higher Nanflux per channel

to wt-ENaC. These results are summarized quantitatively

molecule when the open probability (Po) or single channel in Figure 5C. Since theyh measured in the Lys to Arg
conductance are increased. Ana]ysis by patch C|amp tech-mutants increased linearly with the specific binding of the

nique of single channel currents of tleK47,50R plus
yK6-13R double mutant (Figure 4B) revealed a high

anti-FLAG antibodies, we conclude that this increase was
caused by an elevated number of channels at the cell

number of active channels per patch without significant surface, and not by changes in the channel open probability.

changes in single channel conductance fot igons, a

This increase in number of channels at the plasma mem-

highly permeant cation in ENaC. The conductance for brane induced by the Lys to Arg mutations in thheand

Li* ions of 8-9 pS was similar to that found for wt-ENaC
(Schild et al, 1997), indicating that these Lys to Arg
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A

o K47,50R
o K108R
o K47,50,108R

B K4,5,9R
B K16-49R

yK6-13R
yK6-13+K26R

«K47,50R +1K6-13R
oK47,50R + BK4,5,9R
oK47,50R + BK16-49R
BK4,5,9R +1K6-13R
oK47,50R+BK4,5,9R + yK6-13R

Ss.

V,ip (V)
150 100 50 0

Fig. 4. Na* channel activity of Lys to Arg mutants afByENaC
expressed irXenopusoocytes. A) cRNA derived from the Lys to Arg
mutants ofa-, B- or yYENaC (depicted in Figure 3) was injected
individually or in combination into oocytes, together with wild type
(wt) ENaC cRNA of the remaining ENaC subunits and amiloride-
sensitive N& currents ({,) measured by the two electrode voltage
clamp technique. Bars represent meanSE of four independent
experiments each with 8—-10 oocytes. Asterisks denote statistically
significant differencesR <0.05) from wt-ENaC. B) Upper panel:
Representative single channel recording of dtet7,50R+yK6-13R
(plus wtf3) ENaC double mutant iXxenopusoocytes using the patch—
clamp technique in a cell-attached configuration, with ions as the
major permeant ion in the patch pipet. Recording was performed at
pipette potential \(,p) of 100 V. At least six active channels are
present in the patch as shown by the different current levels, and
downward deflexions represent channel openings. Lower panel:
Current—voltagel(V) relationship of single channel Licurrents
measured between —50 and —150 mV and determined from five

ENaC ubiquitination

A B
Iya (LA) Iya (LA)
15 5
10 ]
5
o 3¢

00 05 1.0 15
Ab (fmol)/oocyte

00 05 1.0 15
Ab (fmol)/oocyte

1: aK47,50R
2: yK6-13R
3: 0. K47,50R + y K6-13R

1 2 3

Fig. 5. Correlation of surface labelling and function of Lys to Arg
mutants ofa- andyENaC measured in individual oocytes.

(A andB) Representative experiments in which amiloride-sensitie |
and surface expression of wt-ENaC, or the indicated Lys to Arg
mutants, were measured in individual oocytes. Surface expression was
quantified by binding of anti-FLAG?3-labelled antibody (Ab) to the
FLAG-tagged ectodomains of (A) wt-ENaC (open circlesik47,50R
(open triangles) or theK47,50R + yK6-13R mutants (closed circles),
and (B) wt-ENaC (open circles) or th&6-13R mutant (closed

squares). Solid lines represent regression analysis of the data. Dotted
lines represent the 95% confidence limitS) Summary histogram
showing changes of the amiloride-sensitive curregyt)(&nd specific

cell surface binding of Ab, relative to the values obtained with
wt-ENaC. Values are mean SE of four to five independent
experiments in which averaggdand antibody binding were

determined from simultaneous measurements in eight to ten individual
oocytes. Asterisks denote statistical significanc® at0.05 level.

the His-Ub construct together with either wRyENaC
(control), or wtaBENaC plus theyK6-13R mutants of

different channel recordings. Regression analysis of data points gives ayENaC. As before, thaENaC constructs were HA-tagged

single channel conductance for'Lions of 8.6 pS. Dotted line
represents a fit to the constant field equation.

Inhibition of ubiquitination of the Lys to Arg
mutants of yENaC, or of a-plus yENaC

and theyENaC constructs were FLAG-tagged. Following
transfection, cells were lysed, and lysates incubated with
Ni2*-NTA beads to precipitate ubiquitinated proteins.
These proteins were then separated on SDS-PAGE, trans-
ferred to nitrocellulose and immunoblotted with anti-

As we observed an increase in channel activity resulting FLAG antibodies, to detect the extent of ubiquitination of

from a greater number afByENaC at the plasma mem-

yENaC. Our results show that ubiquitination gENaC

brane in theyK6-13R mutant, we wanted to test whether was indeed inhibited in thgk6-13R mutant (Figure 6A,
such increased cell surface number in ENaC channels isupper panel, compare lanes 3 and 4), despite similar
caused by impaired ubiquitination of this mutant. Since expression levels of the wt or mutayENaC proteins in
direct determination of ENaC ubiquitination in oocytes is the lysate of the transfected cells (Figure 6A, lower panel,

not currently feasible due to limits of protein detection

lanes 3 and 4). The same inhibition of ubiquitination of

(since only a few oocytes can be analysed at a time, notyENaC was also observed when €6-13R mutant was
sufficient for biochemical assays), we opted instead to useexpressed together with tle23-50R mutant oftENaC
mammalian cells, which allow the use of a large number of (Figure 6A, lanes 5 and 6). These results therefore demon-
cells per assay and are thus more suitable for biochemicalstrate that those conserved Lys residues located at the
studies. We therefore co-transfected Hek-293 cells with N-terminus of yENaC which are involved in regulating

6329



0O.Staub et al.
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Fig. 6. Inhibition of ubiquitination of the Lys to Arg mutants gf and
aENaC. Hek-293 cells were transiently co-transfected (tfxn) with
BENaC @), HA-taggedoENaC @) or aK23-50R @R), and
FLAG-taggedyENaC f) or yK6-13R (R), with or without His-Ub

(Ub). Cells were then lysed, and lysates incubated wiffi NNTA
agarose beads to precipitate ubiquitinated proteins. Precipitated
proteins were separated on 7% SDS-PAGE, transferred to
nitrocellulose and blotted with eitheA} anti-FLAG (yENaC),

(B) anti-HA (aENaC) or C) antifENaC antibodies (upper panels), to
detect ubiquitination of each subunit or its Lys to Arg mutants in the
same experiment. Lower panels represent levels of expression of the
transfected proteins in the lysate. Square brackets mark the
ubiquitinated species af andy ENaC. The ~105 kDa band across
panel B (top) is probably a contaminan)(yK6-13R mutant is more
stable than wifENaC. MDCK cells stably expressing wiByENaC
(calledyWT) or yK6-13R plus wteBENaC (calledyK6-13R) (bothy
subunits FLAG-tagged at the C terminus, as in Figure 2 above) were
labelled with f°S]Met/Cys and chased for the indicated times (hrs).
Cells were then lysed, immunoprecipitated with afgNaC

antibodies, the immunoprecipitates separated on 7% SDS—PAGE and
visualized by autoradiography, as represented by the autoradiogram.
Histogram represents;, quantitation (mean- SE) of three

independent experiments similar to that depicted in the autoradiogram.

channel stability at the plasma membrayi€g-13) indeed
serve as attachment sites for ubiquitin.

We next wanted to determine the extent of ubiquitination
of the Lys to Arg mutants obiENaC when expressed
either with wtyENaC or with theyK6-13R mutant of
YENaC (plus wtBENaC). This was done in order to test
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Fig. 7. The effect of Brefeldin A on channel activity of wt-ENaC or
the aK47,50R+yK6-13R mutant. cRNA fromA) wt-aByENaC (WT)

or (B) the aK47,50R+yK6-13R (plus wtf) mutant, was injected into
Xenopusoocytes. Eighteen hours later, u@/ml Brefeldin A (BFA)
were added (at time 0, arrow) to the bathing medium and amiloride-
sensitive N& currents ({;) measured by the two-electrode voltage
clamp technique at the indicated times. Data points represent
mean= SE of four separate experiments each performed with five
oocytes.

whether the potentiation of ENaC hyperactivation and
retention at the cell surface observed in the double mutant
(i.e. Lys to Arg mutations in botha- and yENaC) is
associated with reduced ubiquitination of not oyisNaC,

but also oftENaC. We therefore re-probed the blot shown
in Figure 6A with HA antibodies, to determine the extent
of ubiquitination ofaENaC in the same experiment. Our
results show that theK23-50R mutant [similar to the
0aK47,50R mutant (data not shown)] was still ubiquitinated
when co-expressed with iByENaC and His-Ub (Figure
6B, lane 3). In contrast, however, there was a clear and
reproducible inhibition of this ubiquitination when the
0K23-50R mutant was co-transfected with tfi€6-13R
mutant (and wBENaC plus His-Ub) (Figure 6B, lane 4).
This reduction in ubiquitination was apparent despite
similar expression levels of the wt or mutanENaC
proteins (Figure 6B, lower panel). Thus, the combined
removal of lysines 6-13 fronyENaC together with N-
terminal lysines fromaENaC caused a reduction of
ubiquitination of both subunits, in agreement with the
observed potentiation of cell surface retention and activity
of ENaC under these conditions. None of the above Lys
to Arg mutations ina or yENaC, or both, caused any
detectible ubiquitination oBENaC (Figure 7C).

Our data show that ENaC turnover is regulated by
ubiquitination, and that removal of potential ubiquitination
sites onyENaC (K6-13R) leads to stabilization of ENaC
at the plasma membrane. A prediction of these data is
that the half-life of theyK6-13R mutant should be pro-
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longed. We therefore generated stable MDCK cell lines A Lactacystin
which express either FLAG-tagged wt{control), or Inhibitor:
FLAG-taggedyK6-13R mutant, together with wtBENaC nhipitorz = = == & * % #

(the FLAG tag does interfere with channel function, data Time ¢(hrs) 0 1 2 3 0 1 2 3
not shown). We then performed a pulse—chase experiment .
as described in Figure 1 above. Our results show that OENaC| s s . ! ! e
VENaC bearing the K6-13R mutations was indeed more
stable (meart;, = 90 min) than the wifENaC (mean

BENaC | w W - -

t1» = 76 min), showing a small but statistically significant D - -
different ® = 0.027) increase in half-life of the protein yENaC | ** e
(Figure 6D).

Collectively, these results show that ENaC stability and B Chloroquine
activity is regulated by ubiquitination. The primary target Inhibitor: - - — — + + + +
for this ubiquitination-mediated regulation is a cluster of )
lysine residues (K6—13) at the N-terminusy&NaC, since Time (hrs): 0 1 2 3 0 1 2 3
mutation of these lysine residues was sufficient to both e -
increase channel number at the plasma membrane and to HENaE ! ..! §
reduce its ubiquitinatiommENaC, but nof3ENaC, is also BENaC o o —
playing a role in this regulation of channel stability by
ubiquitination. ENC | DD . - G -
Accumulation of Brefeldin A-resistant pool of the Fig. 8. The effect of inhibitors of the proteasome and late endosomes/
Lys to Arg ENaC mutant at the cell surface lysosomes on the stability of total cellular pool @ByENaC.

To test whether the impaired ubiquitination and increased apyENaC expressed in MDCK cells were labelled witfg]Met and
channel number and activity of the Lys to Arg ENaC Cys for 2 h, and chased for the indicated times in the absence (-) or
mutants is associated with increased arrival of newly Presence ) of: (A) 10 uM lactacystin added during the pulse and the

. chase periods, oB) 0.4 mM chloroquine added during the chase
syntheS|z_ed channels at the plasma membrane, decrease&eriod. The average increase in half-life for three to six independent
degradation of cell surface-associated channels, or both,experiments as represented in this figure aENaC: 2.7- and
we tested the effect of Brefeldin A (BFA) on ENaC 2.1-fold increase for chloroquine and lactacystin inhibition
aclvity in Xenopusoocytes. Brefeldin A nhibits the iesheeiiebyenecs o anl LT tecese b riooaine e
ER tc_) Golgi transport of ne\.le synthesized membrane was observed with either lactacystin or chloroquine treatment of
proteins, and has been previously shown to be effective qpyeNac expressed in NIH-3T3 cells (not shown).
in Xenopusoocytes (Geeringet al, 1996). Thus, cRNA
of wt-aByENaC (wt) oraK47,50R+yK6-13R (with wt{3)
ENaC was injected inteXenopusoocytes and following lysosomal system in the case of several transmembrane
overnight incubation, oocytes were treated withpgmi proteins. In order to determine the mechanism(s) respons-
BFA at time 0 (arrow) for up to 8 h, and amiloride- ible for the rapid degradation (of total cellular pool) of
sensitive |, representing active channels at the cell ENaC seen in Figure 1, we tested the effect of inhibitors
surface, measured by the two-electrode voltage clampof either the proteasome or the endosomal/lysosomal
technique. Our results show that whereas the majority system on the half-life ofiByENaC expressed in MDCK
(~80%) of wt ENaC activity disappeare¢ B h exposure  cells using pulse—chase experiments. Our results show
to BFA, 43% (=7%) of theaK47,50R+yK6-13R mutant that when the potent proteasome inhibitor lactacystin
channel activity was BFA-resistant (Figure 7). The accu- (10 uM; Fenteanyet al,, 1995) was added during the 2 h
mulation of this BFA-resistant pool was apparent after 4 h pulse and the subsequent chase period, there was an
incubation, and suggests that a significant fraction of the attenuation of channel degradation (2.1- and 1.7-fold
0K47,50R+yK6-13R mutant, unlike the wt ENaC, is increase in half-life ofx andyENaC respectively; Figure
retained at the cell surface or is recycled between endocytic8A). This suggests an involvement of the proteasome in
vesicles and the plasma membrane. However, the amountENaC degradation. However, chloroquine (0.4 mM), a
of BFA-sensitive pool at 8 h incubation was also greater weak base that dissipates the late endosome/lysosome
in the aK47,50R+yK6-13R mutant than in the wt channel acidic pH thereby inhibiting proteolysis in these compart-
(average of 9.QA versus 5pA respectively), suggesting  ments, also led to a significant inhibition (2.7- and 1.3-fold
that the rate of arrival of newly synthesized channels to increase in half-life of thet andy subunits respectively) of
the plasma membrane is also elevated in the Lys to ENaC degradation when added during the chase period
Arg mutant. Thus, loss of ubiquitination sites in ENaC (Figure 8B). Our results, therefore, suggest that both the
likely leads to both an increase in incorporation and proteasomes and the endosomes/lysosomes are likely to
increased retention/recycling of the channel at the plasmaplay a role in the degradation of ENaC. One possible

membrane. explanation for this dual mode of degradation may be that
the individual ENaC subunits which are unassembled are

ENaC degradation is sensitive to endosomal/ targeted for proteasome degradation, whereas the properly

lysosomal and to proteasome inhibitors assemblediByENaC subunits are subject to degradation

Degradation of ubiquitinated proteins is carried out either by late endosomes/lysosomes. To test whether the un-
by the proteasomes (usually of cytosolic or misfolded/ assembled subunits are indeed degraded by the pro-
misassembled proteins in the ER) or by the endosomal/teasomes and not by the lysosomes, we used a MDCK
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Fig. 9. Ubiquitination and mode of degradation ®ENaC expressed

alone in MDCK cells. A) HA-taggedoaENaC stably expressed in

MDCK cells was labelled witt$S Met and Cys for 2 h, and chased

for the indicated times in the absence (=) or presergeof 10 uM
lactacystin added during the pulse and the chase periods (upper panel),
or 0.4 mM chloroquine added during the chase period (lower panel),

as described in Figure 8 abov®)(Ubiquitination ofaENaC

transfected with His-Ub (Ub) into Hek-293 cells. Histidinated
(ubiquitinated) proteins were precipitated on Ni-NTA agarose beads,
proteins separated on 7% SDS—PAGE and immunoblotted with

anti-HA antibodies, to detect ubiquitinated speciesiBNaC. The

square bracket depicts ubiquitinateENaC. The controld|, right

lane) was transfected withyENaC without His-Ub, and reveals no
detectable ubiquitination, similar to cells transfected vaitBNaC

alone.

103
6

cell line which expresses high levels of HA-taggeeNaC
alone (Stauket al, 1996). Despite high levels of expres-
sion, these cells display very little amiloride-sensitive'Na
currents when compared with MDCK cells expressing
oByENaC together, as determined by whole cell patch
clamp analysis (T.Ishikawa, Y.Marunaka and D.Rotin,
unpublished). Moreover, expression @ENaC alone in
Xenopu®ocytes leads to a severely reduced ENaC activity
due to a reduced number of channels at the cell surface
(Canessat al, 1994a; Firsowt al, 1996). We therefore
tested whethenENaC expressed alone is ubiquitinated
and whether it is degraded by proteasomes. Figure 9B
shows that transfection ol ENaC into Hek-293 cells
together with the His-Ub construct led to a massive
ubiquitination of this subunit. Moreover, pulse—chase
experiments performed witmENaC stably expressed
in MDCK cells reveal a strong inhibition ot ENaC
degradation by 10uM lactacystin (Figure 9A, upper
panel), whereas chloroquine (0.4 mM) was largely ineffect-
ive (Figure 9A, lower panel). These results, therefore,
demonstrate that expression of thENaC subunit alone,
which can not properly assemble into a channel in the
absence of ByENaC, is targeted for proteasomal
degradation.
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Discussion

The results presented here demonstrate collectively that
ENaC stability and function are modulated by ubiquitin-
ation. Our current results show that ENaC is a short lived
protein, with a half-life of ~1 h for at least 2 of its
subunits. This short;;, was detected in ENaC hetero-
logously expressed iXenopusoocytes, in ENaC trans-
fected into either epithelial (MDCK) cells or fibroblast
(NIH-3T3), or in XxENaC endogenously expressed in
A6 cells (B.C.Rossier, personal communication). The
accumulation of ENaC following treatment of cells with
the weak base chloroquine (or with NEl; our unpub-
lished data) which dissipate the acidic pH in late endo-
somes/lysosomes, suggests the involvement of the
endosomal/lysosomal pathway in ENaC degradation.
However, our findings that the half-life of the ENaC
subunits is also prolonged when the cells are treated with
lactacystin (or with MG132; data not shown), indicate
that the proteasome is involved in ENaC breakdown as
well. One possible explanation for these dichotomous data
may be that a portion of the ENaC subunits which do not
become properly assembled in the ER may be degraded
in a proteasome-dependent manner, whereas the properly
assembledxfByENaC is targeted to the cell surface and
is subsequently degraded by late endosomes/lysosomes.
Although we cannot currently preclude the possibility
of a sequential course of events whereby lysosomal
degradation is followed by proteasomal degradation, we
believe different pools (assembled versus unassembled)
of ENaC are targeted to the different pathways. This is
based on our results demonstrating lactacystin-sensitive
and chloroquine-insensitive degradationaNaC when
expressed alone, but chloroquine-sensitivity when
expressed together wifflyENaC, as well as our prelimin-
ary results demonstrating a small additive stabilization of
oENaC by lactacystin plus chloroquine relative to each
inhibitor alone (O.Staub and D.Rotin, unpublished data).
We believe our data represent the first documented case
where the same ubiquitinated protein (eodeNaC) can

be degraded by either the proteasome or the lysosome,
depending on its assembly/disassembly status.

Although we propose a lysosomal-mediated degradation
of ayENaC when properly assembled, we currently do
not know how much of that pool of protein is actually
located at the plasma membrane at any one time. We
believe, however, that the ubiquitination@f andyENaC
we observed represents, at least in part, ubiquitinated
mature channel at the plasma membrane and not just of
excess unassembled ENaC chains. This conclusion is
based on our finding of a tight correlation between
ubiquitination of ENaC and its number (and function) at
the cell surface: mutations of a cluster of Lys residues in
yENaC (ora- plus yENaC) lead to both a reduction of
ubiquitination and increased number of channels at the
plasma membrane, with a concomitant elevated" Na
channel activity. Moreover, our Brefeldin A experiments
suggest that a significant fraction of this increase in
channel numbers in the ubiquitination-defective ENaC
mutant results from increased retention (or recycling) of
ENaC at the cell surface. Thus, although we do not
currently know at what point(s) during processing and
plasma membrane incorporation of ENaC it becomes
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ubiquitinated, the consequences of such ubiquitination areafyENaC indicate that thé;,, of BENaC is somewhat

clearly affecting channel stability at the cell surface.

The fact that the status of ENaC ubiquitination deter-
mines its stability at the plasma membrane is intriguing,
because so far it is not known how ubiquitination signals
for, or is involved in, degradation of transmembrane
proteins. In this regard, the involvement of ubiquitination
in regulating ENaC degradation at the cell surface is
similar to that of other recently described transmembrane
proteins. A notable example is the ubiquitination-
dependent vacuolar degradation of tBaccharomyces

longer than that ofx- and yENaC. We currently do not
know whether such a difference i, is biologically
meaningful. However, it is curious thgENaC (when
expressed together witlnyENaC) does not become
ubiquitinated despite the presence of multiple conserved
N-terminal lysine residues, and that mutation to arginines
of these conserved lysines did not lead to channel hyper-
activation. This suggests that the ubiquitination-mediated
regulation of channel stability is not targeting fhsubunit
directly, but rather indirectly, via regulation of and

cerevisaepermeases Fur4 and Gapl, which require the aENaC. Since ENaC is only efficiently exported to the
presence of intact Rsp5 (the yeast homologue of Nedd4)plasma membrane in the presence of all three subunits
for this degradation (Heiet al, 1995; Galaret al,, 1996). (Canesseet al, 1994a; McDonaldet al, 1995; Firsov

We have previously demonstrated direct binding of ENaC et al, 1996), targeting any subunit for degradation is
to the ubiquitin-protein ligase Nedd4, by association of sufficient to dismantle the channel and abrogate its activity.
the WW domains of Nedd4 with the PY motifs of the The reason for the observed partial inhibition of ENaC
ENaC subunits (Staubt al, 1996). We do not know yet  activity in some of the Lys to Arg mutants @ENaC is
whether Nedd4 participates in the ubiquitination of the not known, but we speculate such mutations may cause
ENaC subunits described in this report. We can speculate,the formation of defective, less well functioning channels,
however, that if it does, this may have implications for perhaps similar to the recently described G37S mutation

Liddle syndrome, an hereditary form of hypertension
caused by deletions/mutations within the PY motif{3ef
or yENaC (Shimket®t al, 1994; Hanssoet al,, 1995a,b;
Tamuraet al, 1996). Such mutations lead to increased
Nat channel activity due to increased channel number
and opening at the plasma membrane (Scéildl, 1995,
1996; Snydeet al,, 1995; Firsovet al,, 1996). The same
mutations also lead to an inhibition of binding to Nedd4-
WW domains (Staulet al,, 1996). Thus, we can speculate
that the increase in retention of ENaC at the plasma
membrane associated with Liddle syndrome may involve
reduced ubiquitination, possibly by reduced binding to
Nedd4. Future experiments will address this possibility.
Regardless of the link to Liddle syndrome, the observ-
ation that ENaC is ubiquitinated in living cells, and that
this ubiquitination is critical for the regulation of channel

in the N-terminus ofBENaC which causes PHAL due to
reduced ENaC activity (Chanet al., 1996).

In summary, the work presented here demonstrates a
fundamental role for ubiquitination in the regulation of
ENaC function, via regulation of channel stability at
the plasma membrane. This could provide a previously
undescribed mechanism to regulate function of ion
channels at the cell surface.

Materials and methods

Plasmids and constructs

Rat apByENaC (rENaC, hereafter called ENaC) cDNA was used for all
studies. Plasmids used for transient transfection into Hek-293 cells:
oENaC was tagged with a triple haemagglutinin (HA) epitope
(YPYDVPDY) at its carboxy terminal end just upstream of the stop
codon and subcloned into a pCMV4 plasmid (Andersebial., 1989).

degradation or Stabi"ty atthe plasma membrane and hence1'he addition of the tag at that position did not interfere with*Na

to channel activity, is by itself important, as it provides
the first demonstration of regulation of ion channel function
by ubiquitination. Clearly, a tight regulation of ENaC is

necessary for maintenance of salt and water homeostasis

impairment of such regulation has been linked to several
diseases, including not only Liddle syndrome, but also
PHA1l (Changet al, 1996; Strautniekset al, 1996),
pulmonary oedema (Hummlest al, 1996) and cystic
fibrosis (Stuttset al, 1995). It remains to be identified
whether any subsets of genetically determined hyper-
tensive patients (Liddle syndrome or otherwise) indeed

channel function as assessed by patch clamp analysis (T.Ishikawa,
Y.Marunaka and D.Rotin, unpublished). Similarly, a FLAG epitope
(DYKDDDDK) was introduced just before the stop codon at the carboxy
terminus ofyfENaC and subcloned into the pCEP4 plasmid (Invitrogen).
Lysine to arginine mutants ofi-, - and yENaC were generated by
substituting specific lysine residues with arginines using the PCR based
mutagenesis described by Nelson and Long (1989). These point mutants,
mostly of conserved lysines and all located at the N-termini of the ENaC
subunits, were designated as follows (see Figure 4xENaC: K47

and K50 (K47,50R), K108 @K108R), K47, K50 and K108
(0K47,50,108R) and K23, 26, 32, 47 and 50K@3-50R); In BENaC:
K4,5,and 9 BK4,5,9R), and K16, 23, 39, 47, 48 and £3&(16-49R); in
yENaC: K6, 8, 10, 12, 13yK6-13R), K26R {K26R), and K6-13 plus

have mutations in the conserved lysine residues at theK26R (/K6-13+26R). With the exception of K23, 27 and 32aENaC,

N-termini of a- or yENaC which serve as attachment sites
for ubiquitin.

Our data suggest thgENaC is the important, if not the
predominant subunit which is regulating ubiquitination-
mediated degradation of the Na&hannel. Ubiquitination
of aENaC, however, also plays a role in channel stability,
which becomes significant only when the key lysine
residues inyfENaC (K6—13) are lost. We propose therefore
that loss of the main ubiquitination target of ENa& -

13) allows the ubiquitination ofaENaC to partially
compensate for this loss; consequently, losing those
N-terminal lysines in botly- andoaENaC greatly stabilizes
the channel. Our measurements of turnover rate of

all the above mutated lysines are conserved between rat, human and
Xenopus(Canesseet al, 1994a; McDonaldet al, 1994; Puotiet al,
1995). All the above lysine to arginine mutants were subcloned into
pSD5 for expression intXenopusoocytes (Canesset al, 1994a). For
expression in Hek-293 cellgyK23-50R was subcloned into pCMV4
andyK6-13R into pCEP4.

Transfections and cell lines

MDCK cells stably expressing rati-, 3- and yENaC together, or
expressing only HA-taggedENaC, were previously generated (Stutts
et al, 1995; Staubet al, 1996) by transfecting cells withENaC in
pLKneo (Hirt et al,, 1992) which contains a dexamethasone-inducible
promoter, together witl- and yENaC cloned into a CMV-promoter
based vector and expressed constitutively. MDCK previously transfected
with a- andBENaC (kindly provided by Drs Canessa and Rossier) were
stably transfected with pCEP4 encoding either FLAG-taggegbitaC
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or yK6-13R ENaC. Cells were maintained in DMEM 10% fetal
bovine serum (FBS} G418 (0.3 mg/mly- 10 uM amiloride, to prevent
cellular Na" overload ¢ 0.1 mg/ml hygromycin for the FLAG-tagged

Surface labelling of ENaC in oocytes
For binding experiments, the lysine to arginine mutations at the N-termini
of a- or yENaC @K47-50R; yK6-13R) were introduced intam- or

YENaC-expressing cells). For transient transfections, Hek-293 cells were yENaC cDNA (respectively) which already contained a FLAG epitope
transfected using lipofectamine, according to manufacturer instructions at the ectodomains, located ~30 residues downstream of the first

(Life Sciences).

Pulse-chase experiments

For pulse—chase experiments, MDCK cells stably expressin§- and
YENaC, HA-taggedaENaC alone, or FLAG-tagged wt-or yK6-13R
ENaC, stably co-expressed with wRENaC, were grown to confluency
in 6-well plates (Costar) and induced overnight in induction medium
[DMEM/10% FBS/20uM amiloride containing 1uM dexamethasone
and 2 mM Na butyrate (MDCK expressingiByENaC), or 1M
dexamethasone (MDCK expressing HA-taggeHNaC)]. Cells were
washed three times in depletion medium (Induction medium without
FBS, cysteine and methionine) and labelled at 37°C (in 5% @Qir)

for 2 h in labelling medium [Depletion mediurt 0.1 mCi/ml of 3°S-
containing cell labelling mix (Promix, Amersham)]. Cells were then
washed three times with ice-cold Induction medium containing 10 mM

transmembrane domain (Firset al, 1996). The addition of the FLAG

tag at that position has no effect on channel function (Firsb\al,
1996). Surface expression of ENaC channels was determined by specific
binding of 2AIM,lgG; (M,Ab) to oocytes expressing FLAG-tagged
aByENaC, as described previously (Firsewal., 1996). The equilibrium
dissociation constant of specifi2]M ,1gG; (M,Ab) binding was 3 nM.
Accordingly, 12 nM MAb were added to a Modified Barth’'s Saline
(MBS) solution supplemented with 5% calf serum incubating the oocytes.
After 1 h incubation at 4°C, each oocyte was washed eight times with
1 ml MBS solution and transferred individually to a gamma counter.
The same oocyte was and then used to measure amiloride-sensitive Na
current. MbAb non-specific binding was detected with oocytes injected
with ENaC cRNAs encoding non-tagged subunits.
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