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Abstract

A fine regulation of the amiloride-sensitive Epithelial Sodium Channel (ENaC), madeffandy subunits, is crucial for
maintenance of N& balance and blood pressure. B@thandy-ENaC participate in negative regulation by interacting with
Nedd4-2, an E3 ubiquitin-ligase. Disruption of this interaction results in increased ENaC activity (Liddle syndrome). By two-
hybrid screenings, we identified new potential partnera-&fNaC: WWP1 (E3 ubiquitin-ligase protein), UBC9 and TSG101
(E2 ubiquitin/SUMO-conjugating enzymes) and confirmed these interactions in GST pull-down assays. All these partners are
implicated in protein trafficking and could be involved in the regulation of ENaC actildtgite thisarticle: L. Malbert-Colas
etal., C. R. Biologies 326 (2003).

O 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Identification de nouveaux partenaires de la sous-unité alpha du canal & sodiunENaC gpithelial Nat channe),
composé de trois sous-unités 3 et y, joue un réle majeur dans le bilan sodé et la pression artérielle. ENaC est régulé
négativement par interaction de la protéine Nedd4-2 (protéine E3 ubiquitine-ligasd)-asteg-ENaC, I'interruption de cette
régulation conduisant a une hyperactivité du canal (syndrome de Liddle). Nous avons identifi€, par double hybride, des nouveau
partenaires potentiels deENaC : WWP1 (protéine E3 ubiquitine-ligase), TSG101 et UBC9 (enzymes E2 de conjugaison) et
confirmé ces interactions in vitro. Ces protéines, impliqguées dans le trafic cellulaire, pourraient jouer un réle dans la régulation
de l'activité du canalPour citer cet article: L. Malbert-Colas et al., C. R. Biologies 326 (2003).
O 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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Mots-clés :x-ENaC ; Nedd4-2 ; WWP1; TSG101; UBC9; systéme double hybride

1. Introduction

* Corresponding author. The amiloride-sensitive Epithelial Sodium Chann(_al
E-mail addressdhermy@bichat.inserm.fr (D. Dhermy). (ENaC) is composed of three homologous subunits
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«, p andy, each one consisting of two transmem- GCTCCCTCTCCAGCCTTGACAGCCCCTCCCCCT
brane domains and two short cytoplasmic tails [1]. Ex- GCCTATGCCACCCTGGGCCCCCGC@nd TCGA
pressed at the apical membrane of numerous epitheliaGGGCGGGGGCCCAGGGTGGCATAGGCAGGGG
(kidney, lung and colon), it plays a key role in fluid GAGGGGCTGTCAAGGCTGGAGAGGGAGCAGG
homeostasis, in blood pressure control and in fluid GCCTGGCTG, respectively. The ratENaC C-termi-
clearance [2—4]. ENaC activity is highly regulated by nus (residues 633 to 716) was amplified using primers
both hormonal control (aldosterone and vasopressin) CCCGAATTOGGAGCCGGTACTGGTCTCC and CC
and cellular mechanisms (storage, ubiquitination and CCCTCGAGICAGAGCGCCGCCA GGCAC. These

degradation) [5-9]. Each C-terminus of ENaC sub-
units contains PXXP and PPXY (PY motif) sequences,
which are candidates for interactions with SH3 (Src
Homology 3) and WW (38—40-residue domain with 2

conserved tryptophan) domains, respectively [10-13].

fragments were cloned in pLEX12 (a modified
pBMT116 plasmid, carrying the tetracycline resis-
tance gene). TheB- and y-ENaC C-termini in
pBMT116 were generous gifts from O. Staub (‘Institut
de pharmacologie et toxicologie’, Lausanne, Suisse).

The PY motif of bothf3- andy-ENaC participates in
negative regulation by interacting with WW domains
of the E3 ubiquitin-ligase Nedd4 [9] leading 6 and
v-subunits ubiquitination then to ENaC internalisation
and targeting for proteolysis [9,14]. Mutations in the
PY motif of 3- and+y-subunits as identified in Lid- Two-hybrid screenings were performed as described
dle’s syndrome (an autosomal dominant form of salt- [21] in L40 strain expressing either LEX&-rENaC
sensitive hypertension) abolish the interaction with or LEXA-«-hPY fusion proteins, and transformed
Nedd4 and are associated with an increased ENaC ac-with 100 pg of oligo(dT) kidney cDNA library, from
tivity [15-18]. However, the role of the PY motif of the  rat (established in our laboratory) in pGAD3S2X
a-ENaC subunitis not physiologically established and [21] or from human in pACT2 (Clontech, Ozyme,
itis not known whether a mechanism of channel activ- Saint-Quentin-en-Yvelines, France). Transformation
ity regulation, as demonstrated fr andy-subunits,  efficiencies were estimated on selective medium lack-
can be extended to the-subunit. The first step to  ing tryptophan and leucine (DO-WL). Screening with
progress in this purpose is to search for ligands of the x-rENaC bait was performed in addition of 5 mM
the C-terminus ofx-subunit. Using yeast two-hybrid  3-amino-1,2,4-triazole (3-AT) (Sigma-Aldrich, Saint-
screenings and GST pull-down assays, we demon- Quentin-Fallavier, France). His+ clones were selected
strated thata-ENaC interacts with regulating pro-  after 3-5 days of growth at 3@ on selective medium
teins: () WWP1, an ubiquitin protein ligase contain- |acking tryptophan, leucine and histidine (DO-WLH).
ing WW domains, andii( two SUMO/ubiquitin con- Yeast mating was performed between the L40
jugating enzymes, TSG101 and UBC9. Moreover, we haploid strain transformed with pLEX plasmids and
also selected Nedd4-2, a new member of Nedd4 fam- jts complementary haploid strain AMR70 established
ily, which has been reported to regulate ENaC activity with pGAD plasmidsf-galactosidase activity of His+
[19,20]. These biologically coherent data point outthe clones was estimated either on filter, using X-Gal (5-
hypothesis of a potential regulation a#ENaC and  promo-4-chloro-3-indolyB-p-galactopyranoside), or
target the proteins that must be functionally studied.  in liquid assays, using ONPGO{-nitrophenyl 3-b-
galactopyranoside) on pellet corresponding to 1 ml of
culture at ORgo = 0.5. The results are expressed as
units as defined by Miller (1972): Unit (ODg20) x
(1000/time) x (1/0Deg00).

Clones were identified by sequencing of PCR-

The humanx-PY sequence (QPGPAPSPALTAPP amplified products obtained from yeast plasmids (for-
PAYATLGPR) was obtained by annealing of comple- ward primer CGATGATGAAGATACCCCACC and
mentary primers containing partiataRl andxhad re- reverse primers TAATACGACTCACTATAGGGCGA
striction sites (underlined) AATTERGCCAGGCCCT and GAACTTGCGGGGTTTTTCAG for rat and hu-

Sequences and expression of hybrid proteins in yeast
were verified.

2.2. Yeast two-hybrid system

2. Materials and methods

2.1. Constructions of two-hybrid plasmids
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man libraries, respectively). Sequences were submit-

ted to BLAST SEARCH (NCBI).
2.3. Invitro interactions

The a-rENaC C-terminus (residues 633 to 716)
was expressed as GSTFENaC fusion protein af-
ter 0.5 mM IPTG induction, from pGEX-2T plas-
mid (Amersham Biosciences, Saclay, France). After
cell lysis by sonication in PBS buffer containing 1%
Triton X-100 and 1% anti-protease cocktail (Sigma),
GST-fusion proteins were purified on glutathione—

617

3. Results

3.1. Thex-rENaC C-terminus interacts with several
partners involved in ubiquitin/fSUMO pathway

Two yeast two-hybrid screenings were performed
on cDNA library either from rat kidney using the
C-terminus ofx-rENaC (including the PXXP and PY
motifs), or from human kidney with a short bait con-
taining the a-PY motif. Among the selected His+
LacZ+ clones, four partners have been found to inter-
act specifically witha-ENaC (no interaction observed

sepharose columns (Amersham Biosciences). In vitro with empty pLEX plasmid) as analysed by yeast mat-

interactions were performed for 2 h at°€ with
10 pg of recombinant GST-peptides immobilised on
Sepharose 4B glutathione beads and eifASrlabel-

ing. Two of them are E3 ubiquitin ligases containing
WW domains: Nedd4-2n(= 4), for which an inter-
action with ENaC has been functionally established

led peptides obtained by transcription and translation [19,20] and WWP1# = 63), for which an interaction

in vitro (TNT quicked coupled transcription/translation with ENaC has been described, but without functional

systems, Promega, Charbonniéres, France) in 20 mMstudies [22]. The two other potential partners UBC9

HEPES, pH 7.9, 100 mM KCI, 0.2 mM EDTA, 0.01- (r» = 10) and TSG1014 = 2), members of the E2

0.2% Nonidet NP-40, 1% anti-protease cocktail or ubiquitin/fSUMO-conjugating enzyme family, are new

10 ug of Hig-tagged-UBC9 peptide (expressed from ENaC-interacting proteins.

pQE80 plasmid; Qiagen, Courtaboeuf; France) in PBS

buffer, 0.1% triton X-100. After extensive washings, 3.2. Structural analysis of the-ENaC-interacting

bound proteins were eluted by GSH and evaluated af- proteins

ter SDS-PAGE by either autoradiography or Instant

Imager (Packard, Rungis, France) or Western-blots. Nedd4-2, member of the Nedd4 family, consists

of an alternative C2 domain (€a-dependent lipid

2.4. Analysis of the genomic organisation of Nedd4-2 binding domain) implicated in targeting to the mem-

brane, 3-4 WW domains and a HECT (homolo-

Sequence database searches were performed usingous to the E6-associated protein carboxyl termi-

BLAST programs at the National Center for Biotech-
nology Information fittp://www.ncbi.nlm.nih.govand
the ‘Péle bio-informatique lyonnaishftp://www.pbil.

nus) domain responsible for the ubiquitin-ligase ac-
tivity [19,20]. Compared to Nedd4-2a, also known
as KIAA0439 (accession number AB007899) and

univ-lyonl.f)) websites. The selected sequences were Nedd4La (AF210730) isoforms, the Nedd4-2 clones
submitted to SIM4 (pbil) and ModelMaker and Evi- selected by our screening correspond to a new isoform
denceViewer (ncbi) programs to define putative intron— of Nedd4-2 (accession number AY312514), which we
exon organisation taking into account consensus splicenamed Nedd4-2c¢ (Fig. 1). This isoform is charac-

signals.
2.5. Chromosomal location

Chromosomal location of hWWWP1 was performed
by PCR using the Genebridge 4 Radiation Hybrid
DNA panel (UK HGMP Resource Centre). Specific
primers were chosen in the’ 3ion-coding region
of hWWP1: CAGCCAAGAAAAATTGCACAG and
CAAATCCAGATCTTTATGAATGAAATG.

terised by the presence of a new sequence at ‘the 5
end. This sequence contains an ATG in frame with
the previously described start codon in Nedd4La, pro-
ducing a protein with 120 additional residues and a
complete C2 domain (SMART and PFAM programs).
Nedd4-2a has a different Sequence, leading to a
partial different C2 domain (Fig. 2A). Our Nedd4-
2c clones also contain a 60-nucleotide insert located
between the first and second WW domains. Nedd4-2
isoforms are encoded by a gene located on 18921.31.
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MATGLGEPVYGLSEDEGESRILRVKVVSGIDLAKKDIFGASDPYVKLSLYVADENRELAL 60
C2 domain
VQTKTIKKTLNPKWNEEFYFRVNPSNHRLLFEVFDENRLTRDDFLGQVDVPLSHLPTEDP 120
C2 domain
TMERPYTFKDFLLRPRSHKSRVKGFLRLKMAYMPKNGGQDEENSDQRDDMEHGWEVVDSN 180

DSASQHQKELPPPPLPPGWEEKVDNLGRTYYVNHNNRTTQWHRPSLMDVSSESDNNIRQI 240
WW1
NQEAAHRRFRSRRHISEDLEPEPSEGGDVPEPWETISEEVNIAGDSLGLALPPPPASPGS 300

RTSPQELSEELSRRLQITPDSNGEQFSSLIQREPSSRLRSCSVTDAVAEQGHLPHPSAPA| 360

[GRARSSTVTGGEEPTPSVAYVHTTPGLP SGWEERKDAKGRTYYVNHNNRTTTWTRPIMQOL 420
insertion WW2
P;EDGASGSATNSNNHLIEPQIRRPRSLS SPTVTLSAPLEGAKDSPVRRAVKDTLSNPQSP 480

QPSPYNSPKPQHKVTQSFLPPGWEMRIAPNGRPFFIDHNTKTTTWEDPRLKFPVHMRSKT 540
WW3
SLNPNDLGPLPPGWEERIHLDGRTFYIDHNSKITQWEDPRLQNPAITGPAVPYSREFKQK 600
WW4
YDYFRKKLKKPADIPNRFEMKLHRNNIFEESYRRIMSVKRPDVLKARLWIEFESEKGLDY 660

GGVAREWFFLLSKEMFNPYYGLFEYSATDNYTLQINPNSGLCNEDHLSYFTFIGRVAGLA 720
0000000000000 00000 0000000000000 00000000000000000000000

VFHGKLLDGFFIRPFYKMMLGKQITLNDMESVDSEYYNSLKWILENDPTELDLMFCIDEE 780
00 000000000 OCPOGOEOINOSIOIOIOIEOINOIOSIOITS 00 0 0000000000000 0000 OCPCPOIOIOEOINOIONONOINOINOTIEOTEOOTOIEIODS
HECT domain
GQTYC%VDLKPNGSEIMVTNENKREYIDLVIQWRFVNRVQKQMNAFLEGFTELLPIDLI 840
LB N NN 00 00000000 OOOPOOINOGOEOEOIOSINOSIPONOSIOISITPIDS .‘...l.‘ 000000 0OOCOOOIONOINOIOEOIOIOIDPO
HECT domain
KIFDENELELLMCGLGDVDVNDWRQHSIYKNGYCPNHPVIQWFWKAVLLM'DAEKRIRLLQ 900
0 000000000 OCOEOCEOIOINOEOIOIEOIOIOEOSIOITPOIEPE ...“Ol‘...‘.... 90000000 OGOOGONOSIOGOEOSIOSIOSINOSIOINTOSIDS
HECT domain
FVTGTSRVPMNGFAELYGSNGPQLFTIEQWGSPEKLPRAHTCFNRLDLPPYETFEDLREK 960
00 00000000 OOGEOIOGOEOIOINOEPOIOIOITPIOPDOS 900000000000 O0COCOIOSIOIOINOSINDINOIOPO

HECT domaln
LLMAVENAQGFEGVD 975

Fig. 1. Amino acid sequence of the hNedd4-2c isoform (accession number AY312514). hNedd4-2c is composed of a C2 domain (underlined),
four WW domains (dashed line) and a HECT domain (dotted line). This isoform also contains a 16-residues insertion (grey box) located
between the first and the second WW domain.

BLAST analysis of Nedd4-2c cDNA sequence against the first ATG is in exon 10, leading to an isoform lack-
genomic sequence (contig NT_011085.9), followed by ing C2 domain. The putative exon 8, evidenced by the
the search for putative exons (see materials and meth-web programs, was not recovered in any of the Nedd4-
ods) revealed that Nedd4-2 gene is made of at least2 isoforms. The 60-nucleotide insert presentin Nedd4-
34 exons spanning around 354 Kbp. The novedrid 2c is encoded by exon 16. Thus, the clones isolated in
sequence found in Nedd4-2c and coding for the be- the two-hybrid screening correspond to the largest iso-
ginning of the C2 domain corresponds to exons 1 and form encoded by the Nedd4-2 gene, with a complete
2 followed by exons 5, 6, 7 and 9. Thé &nd de- C2 domain, four WW domains, a 20-residue insert lo-
scribed in Nedd4-2a corresponds to exon 3, 5, 6, 7 and cated between WW1 and WW2 domains, and a HECT
9. Nedd4La mRNA contains exons 4, 5, 6, 7 and 9, but domain.
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The WWP1 protein shares structural organisation
with Nedd4 family members [22,23]. The WWP1

619

reinforced these interactions, particularly for UBC9.
In contrast, TSG101, which was only selected by the

clones selected by our screenings begin in the middle C-terminus ofx-ENaC, did not interact with PY se-

of the C2 domain and contain four WW domains and a
complete HECT domain. This HECT domain contains
the cysteine required for the ubiquitin-ligase activ-
ity, suggesting a potential enzymatic activity (Fig. 2C,
black box). The first three WW domains from rat and
human WWP1 have the ‘WWP’ consensus pattern
of WW domain (two tryptophan separated by twenty
residues and followed by a proline) [24], whereas the
fourth WW domain of both rat and human WWP1

lacks the second conserved W (Fig. 2B, black boxes).

guence, suggesting that either the PY motif is not the
binding site for TSG101 or flanking sequences of PY
are required for the interaction with TSG101.

3.4. Each selected partner displays different
interaction affinities withx-, 8- andy-ENaC

As the three ENaC subunits are homologous, we
tested the interaction between each ENaC subunit
and the foura-ENaC-interacting proteins in the two-

The human WWP1 gene has been previously located hybrid system (Fig. 3B). The highegtgalactosidase

in 3g2.1. However this sequence (AC016962) differed
slightly from our WWP1 clones (95% identity), as
well as from the one reported by Pirozzi [22]. More-

over, the presence of three stop codons and the absenc%he Nedd4-2¢c isoform interacted
of intronic sequences suggested that this sequence in
3g2.1 could correspond to a pseudogene. The data wi

obtained by analysis of Hybrid Radiation DNA Panel
allowed to precise a unique location of the human

WWP1 gene in 8g21. This location has been recently

confirmed by FISH [25].

The clones corresponding to UB2I/UBC9 (NM_
003345) contain the complete catalytic domain UBCc,
usually found in E2 ubiquitin-conjugating enzyme.
However UBC9 conjugates an ubiquitin homologue
known as SUMO instead of ubiquitin [26]. Like
UBC9, TSG101 (U52945) contains an UBCc domain.
However, the UBCc domain of TSG101 does not con-
tain the cysteine residue required for the conjugat-
ing activity. The TSG101 clones contain almost full-

length sequence, beginning six residues after the initi-

ating methionine.

3.3. Beside the PY motif, the C-terminusteENaC
contains additional reactive domains

The involvement of the PY motif in ENaC bind-

€,

activity occurred in the interaction between WWP1
andy-ENaC, whereas half of this activity value was
found in the interaction witha- and @-subunits.
better with and
subunits than withx-subunit, whereas UBC9 in-
teracted mainly witha- and y-ENaC. Interestingly,
TSG101 interacted specifically with-ENaC, as no
binding activity could be detected wifl+ andy-ENaC.
These results show that the selected proteins exhibit
different interaction affinities according to the three
ENaC subunits.

Y-

3.5. The C2 domains from Nedd4-2c and WWP1
modify the interaction with ENaC

All the Nedd4-2c and WWP1 selected clones con-
tain at least the last two WW domains (WW3 and
WW4) with a partial sequence of WW2, suggesting
that these domains are required in the interactions.
We studied if additional sequences, in particular the
C2 domain, might participate in the interactions, since
isoforms lacking the C2 domain have been described
[20,25]. We tested the effect of the complete C2 do-
main on the interaction between ENaC subunits and
the Nedd4-2c isoform or WWP1 (Fig. 3C). The C2

ing activity has been evaluated by the measurementdomain has been found to reinforce the interaction be-

of B-galactosidase activities in the two-hybrid sys-
tem. Concerning Nedd4-2c, WWP1 and UBC9, the

tween Nedd4-2c and each individual ENaC subunits
when compared to Nedd4-2c lacking the C2 domain.

B-galactosidase activities were two to ten times higher In contrast, the presence of the C2 domain decreased

in the presence of the complete C-terminuscENaC
than in the presence of the PY motif (Fig. 3A). These
data confirm the involvement of the PY sequence in

the interaction between the WWP1 protein and ENaC
subunits. These results suggest that the presence of the
C2 domain could modulate the affinity of the Nedd4

the interactions, but show that additional sequences family members for their target proteins.
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A. C2 domain sequences

hWWP1 ..L SSA KLKRKKNWFG TAI.J..TEV
hNedd4-2¢ RIL SG IDLI ASD
ICD

LSL
hNedd4-2a LHLDLPLSPL PTSDELFL LSL

KSssss....
LVQTKTIKKT
LVQTKTIKKT

hWWwP1 QT . SHR T I IH NRK (20-113)
hNedd4 -2c¢ F S. [FDE T VD SH.[LPTE DP' (20-124)
hNedd4-2a F SNH. FDE TRDD. VD VPLSH.LPTE DP (59-163)

B. WW domain sequences

rWWP1-WW1 1 e+ e+ RTYYV 23

hWWP1-WW1 351 KDPHGRTYYV D 389
hNedd4-2-WW1l 233 VDNLGRTYYV 271
rWWP1l-WW2 18 VDDRGRVYYV 56

hWWP1-WW2 381 VDDRRRVYYV 419
hNedd4-2-WwW2 424 KDAKGRTYYV 462

rWwWwP1l-WW3 93
hWWP1-WW3 456
hNedd4.2-WwW3 537

VDSTDRVYFV
VDSTDRVYFV
IAPNGRPFFI

131
494
575

rWWP1-WW4 133
hWWP1-wWw4 496
hNedd4-2-ww4 587

YTREGVTYFV DHN]
YTREGVRYFV DHN
IHLDGRIFYI DH

171
534
625

hwwpP1l
rWWP1
hNedd4-2

hwwpP1l
rWWP1l
hNedd4-2

hwwP1
rWWP1l
hNedd4-2

hwwpP1l
rWWP1l
hNedd4-2

hwwpP1l
rWWP1
hNedd4 -2

FIGQE  (254-559)
FIDGVD (708-1015)

Fig. 2. Alignment of functional domains from rat and human WWP1 and human Nedd4-2c (C2, WW and HECT domains). Identical amino
acids were included in grey boxes; critical residues responsible for function are in black boxes. Nedd4-2a and Nedd4-2c isoforms differ by the
C2 domain.
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5. 150 300 >
8 Il o-rENaC, 3 Il o-rENaC., | 5 6001 N o-rENaC,
g 125 Zd o-PY £ (RIprENaC, | § X7 B-rENaC,
© © y-rENaC., | & 5001 y-rENaC,
b N N
& 1001 @ 200- 2
g 8 :8 400-
2 b
g™ 8 3 3004
Q Q
T o}
T 50 s 1001 T 200
7 P P
= 259 = 100

0 0
Nedd4-2c WWP1 UBC9 TSG101 Nedd4-2

WWP1 UBC9 TSG101

+C2 +C2* WW +C2 +C2*
Nedd4-2¢c WWP1

Fig. 3. Interaction of the ENaC-interacting proteins with eitkdPY motif or «-, 3- andy-ENaC, in the two-hybrid system. Diploid yeast cells
were obtained by mating between L40 yeast strain, transformed by either pLEX-C-terminiffgdn andy-rENaC or pLEX«-PY domain

and its complementary AMR70 yeast strain, transformed by either pPGAD-WWP1, pGAD-Nedd4-2c (containing a complete or a truncated (C2*)

C2 domain), pGAD-UBC9 or pGAD-TSG10B-galactosidase activities were analysed in liquid assays as described in materials and methods.
Results are the mean and standard error of four measurements APamadlvement of the PY motif in the interaction betweerENaC and
the ENaC-interacting proteins; parilinteraction of the ENaC-interacting proteins with, 3- andy-ENaC; panel: involvement of the C2
domains of WWP1 and Nedd4-2c proteins in the interaction with3- andy-ENaC.

3.6. Invitro interactions by GST-pull-down assays

Interactions betweem-rENaC and the potential
partners were analysed in vitro by GST-pull-down as-
says (Fig. 4). Rat and human WWP1 and rat TSG101
were produced a®S-methionine-labelled peptides by
transcription and translation in vitro and human UBC9
was produced as Higagged recombinant peptide.
The C-terminus ofx-rENaC, expressed as GST fu-
sion protein, retained specifically partial rat (60 kDa)
and complete human (115 kDa) WWP1, as well as
rat TSG101 (43 kDa) in a higher extend compared to
GST (Fig. 4A). Coomassie blue staining and Western-
blot revealed that UBC9 (18 kDa) specifically bound
to GSTw-rENacC (Fig. 4B and C).

4. Discussion
Physiological regulation of ENaC relies mostly on

trafficking and cell surface stability. However, these
processes remain poorly defined and are difficult to

ENaC in GST pull-down assays, could be implicated
in trafficking processes mediated by ubiquitin or
ubiquitin-like protein (SUMO).

Nedd4-2 belongs to the E3 ubiquitin ligases fam-
ily, whose members target the ubiquitination process
by interacting with specific substrates. The organisa-
tion of the human Nedd4-2 gene deduced from the ge-
nomic database allowed us to account for isoforms re-
sulting from alternative splicing. Another study con-
tributed to the knowledge of the organisation of the
human Nedd4-2 gene [27]. Compared to their pro-
posed organisation, we identified an additional exon
1 containing an ATG in frame with the previously de-
scribed ATG in Nedd4La. We also identified many ad-
ditional alternative exons located in theend. How-
ever, starting from exon 9 to the end of the sequence,
our proposed organisation is similar to that described
by Dunn and collaborators [27]. We isolated a new iso-
form of human Nedd4-2 (Nedd4-2c, accession number
AY312514) characterised by a complete C2 domain, 4
WW domains, a HECT domain and a 20-residue in-

study, because of the low abundance of this channel sertion located between the first and second WW do-

in native tissues. Using the yeast two-hybrid sensitive
method to identifyx-ENaC-interacting proteins, we
selected a new isoform of Nedd4-2 and identified three
new potential ligands: WWP1, TSG101 and UBC?9.
These proteins, which were confirmed to interact with

mains. The C2 domain of this isoform is encoded by
exons 2, 5, 6, 7 and 9 (described as exons 2—6 by Dunn
etal. [27]). In agreement with the Nedd4-2a studies re-
ported by Kamynina et al. [19,20], we showed that the
Nedd4-2c isoform interacts with the three ENaC sub-
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A hWWP1 r'WWP1 TSG101 The WWP1 protein, another member of the Nedd4
= PES T family, has been selected by bathENaC C-terminus
2 = 3 Z b S E b 3 anda-PY motif in human and rat libraries. Such inter-
F 6t Fod F o @ oTd action was previously found by Pirozzi [22] using the
ss- COLT method (cloning of ligand target). In agreement
with Flasza et al. [25], we found, using a different
46 strategy, that the WWP1 gene is located in 8g21. Al-

though an enzymatic activity is not yet demonstrated,
both human and rat WWP1 proteins showed the pres-
215 ence of the highly conserved cysteine required for the
ubiquitin-ligase activity in the HECT domain. Several

WWP1 mRNAs have been described, resulting from

30

B = E § o § C alternative splicing of exons coding for the C2 do-
O W =] 8 & =) main [25]. According to the classification proposed by
52.5+ Flasza et al. [25], our selected WWP1 clones corre-
40.0 = - spond to isoform hWWP1-A. In contrast to Nedd4-
— 2c, the presence of the C2 domain in WWP1 de-
28.4 = " creases its interaction with ENaC, suggesting that this
2.7 C2 domain could also modulate the interaction. Con-
- - sequently, the different WWP1 isoforms differing by
16.8 = : the C2 domain could have different substrate affini-
ties. The physiological role of WWP1 in the cell is not
Blue Coomassie Blot with anti-Hisg well known, although recent studies have reported that
staining antibodies WWP1 could interact with transcription factors such

_ e _ _ _ as the hematopoietic transcription factors NF-E2 [28]
Fig. 4. In vitro interaction between-ENaC and ENaC-interacting

proteins by GST-pull down assays. GST and GSENaC and the lung Krippel-like Factor 2 [LKLF] [29] and

C-terminus peptides were immobilised on sepharose 4B beads andf€gulate their transcriptional activity.

incubated with either rat and human WWP1 and rTSG101 expressed ~ The second set of selected clones consists on two
as35S-methionine labelled peptides or human UBC9 expressed as new ENaC-interacting proteins; TSG101 and UBC9,
Hisg-tagged peptides. After extensive washings, retained proteins two proteins related to E2 ubiquitin-conjugating en-
were eluted by 10 mM glutathione then analysed by SDS-PAGE. .
353-methionine-labelled peptides were analysed by autoradiogra- Zymes. Qur data ShOW_Gd that TS_GlOl does T‘Ot in-
phy (panelA) and Hig-tagged peptide was analysed by coomassie teract with the PY motif but requires another inter-

blue staining (paneB) or western-blot using anti-Hisantibodies acting domain specific ta-subunit, as TSG101 does

(panelC). not interact with3- andy-subunits. Although TSG101
is structurally related to E2 ubiquitin conjugating en-
units but preferentially with3- andy-ENaC, involv- zymes, its UBCc domain lacks the critical catalytic

ing probably the PY motif of ENaC and the WW do- cysteine residue essential for conjugation. Originally
mains of Nedd4-2c. Moreover, our data revealed that identified as a tumour susceptibility gene, TSG101
the presence of the complete C2 domain in Nedd4- has been recently found to be the mammalian homo-
2c reinforced the interaction with each ENaC subunit. logue of the yeast Vps23p (vacuole protein sorting)
These data suggest the involvement of the C2 domain [30]. Both proteins play a key role in regulation of
not only in the recruitment of these proteins to the intracellular trafficking, especially in recognition and
plasma membrane, but also in the interaction betweentransport of ubiquitined proteins from the endosome to
the enzyme and its substrate. As Nedd4-2 is responsi-the vacuole/lysosome. Cells expressing TSG101 mu-
ble for the down-regulation of ENaC, the expression tants exhibit prolonged activation of the EGF receptor-
of Nedd4-2 isoforms, differing by a C2 domain, a 20- signalling pathway [30]. In contrastto TSG101, UBC9
amino-acid insert and a variable number of WW do- presents a weak interaction with the PY sequence but
mains, could differently modulate ENaC activity. this interaction is stronger with the-ENaC C-ter-
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minus, suggesting that the binding site covers a re- [7] A.G. Prat, AM. Bertorello, D.A. Ausiello, H.F. Cantiello,
gion larger than the PY sequence. UBC9, composed of Activation of epithelial N& channels by protein kinase A
0n|y one UBCc domain, is required for conjugation of requires actin filaments, Am. J. Physiol. 265 (1993) C224—
an ubiquitin-related SUMO (Small Ubiquitin-related c233

. . o [8] V. Vallet, A. Chraibi, H.P. Gaeggeler, J.D. Horisberger, B.C.
MOdifier) protein instead of ubiquitin [26]. In con- Rossier, An epithelial serine protease activates the amiloride-

trast to ubiquitination, SUMOylation does not seem sensitive sodium channel, Nature 389 (1997) 607—610.
to mark proteins for degradation but could function as [9] O. Staub, S. Dho, P. Henry, J. Correa, T. Ishikawa, J. McGlade,
a antagonist of ubiquitin [26]. UBC9 is expressed in D. Rotin, WW domains of Nedd4 bind to the proline-rich

- - P _ PY motifs in the epithelial N& channel deleted in Liddle’s
many tissues and is detected in cytoplasm and nucleo syndrome, EMBO J. 15 (1996) 2371-2380.

plasm, Where_ it plays critical roles in DNA repair, cell [10] B.J. Mayer, SH3 domains: complexity in moderation, J. Cell

cycle regulation and p53-dependent processes [26]. Sci. 114 (2001) 1253-1263.

Whereas most SUMO targets seem to be involved in [11] M.J. Macias, M. Hyvonen, E. Baraldi, J. Schultz, M. Sudol,

nuclear functions, the GLUT1 and GLUT4 glucose M. Saraste, H. Oschkinat, Structure of the WW domain of

transporters are linked to the SUMO pathway [311_ a kinase-associated protein complexed with a proline-rich
The identification of these four-ENaC-interacting peptide, Nature 382 (1996) 646-649.

. . . . . [12] F.J. McDonald, M.J. Welsh, Binding of the proline-rich region
proteins, by tWO'hyb”d screenings and interaction of the epithelial N& channel to SH3 domains and its asso-

studies, provides new insights in the regulation of ciation with specific cellular proteins, Biochem. J. 312 (Pt 2)
ENaC activity and targets the studies needed for func- (1995) 491-497.
tional demonstration. [13] D. Rotin, D. Bar-Sagi, H. O’'Brodovich, J. Merilainen, V.P.

Lehto, C.M. Canessa, B.C. Rossier, G.P. Downey, An SH3
binding region in the epithelial Nfa channel (alpha rENaC)
mediates its localization at the apical membrane, EMBO J. 13

Acknowledgements (1994) 4440-4450.
[14] O. Staub, I. Gautschi, T. Ishikawa, K. Breitschopf, A. Ciecha-
We thank O. Staub for generous gift of tie and nover, L. Schild, D. Rotin, Regulation of stability and function
v-ENaC subunits. We are grateful to B. Grandchamp, of the epithelial N channel (ENaC) by ubiquitination,
N. Farman and N. Lemaire for helpful discussions. EMBO J. 16 (1997) 6325-6336. _

L. Malbert-Colas is a recipient of a grant from the (18] L. Schild, C.M. Canessa, R-A. Shimkets, |. Gautschi, R.P.
. Lifton, B.C. Rossier, A mutation in the epithelial sodium
‘Ligue contre le cancer’ (France). channel causing Liddle disease increases channel activity in

the Xenopus laevis oocyte expression system, Proc. Natl Acad.
Sci. USA 92 (1995) 5699-5703.
References [16] P.M. Snyder, M.P. Price, F.J. McDonald, C.M. Adams, K.A.
\Volk, B.G. Zeiher, J.B. Stokes, M.J. Welsh, Mechanism by
[1] C.M. Canessa, A.M. Merillat, B.C. Rossier, Membrane topol- which Lid_dle’s_ syndrome mutations increase activity of a
ogy of the epithelial sodium channel in intact cells, Am. J. human'eplthellal N& channe!, Cell 83 (1995) 969-978. .
Physiol. 267 (1994) C1682—C1690. [17] L. Schild, _Y. Lu, I._(_Bau_tschl, E. Schne_eberger, RP _Ln‘ton,
[2] C. Duc, N. Farman, C.M. Canessa, J.-P. Bonvalet, B.C. Ros- B.C. Rossier, Identification of a PY motif in the epithelial Na
sier, Cell-specific expression of epithelial sodium channel channel sub_uni_ts as a target sequence for mutations causing
alpha, beta, and gamma subunits in aldosterone-responsive channel activation found in Liddle syndrome, EMBO J. 15
epithelia from the rat: localization by in situ hybridization and (1996) 2381-2387.
immunocytochemistry, J. Cell Biol. 127 (1994) 1907—1921. [18] E. Hummler, J.D. Horisberger, Genetic disorders of membrane
[3] H. Garty, L.G. Palmer, Epithelial sodium channels: function, transport. V. The epithelial sodium channel and its implication
structure, and regulation, Physiol. Rev. 77 (1997) 359-396. in human diseases, Am. J. Physiol. 276 (1999) G567-G571.
[4] S. Matalon, H. O’'Brodovich, Sodium channels in alveolar ep- [19] E. Kamynina, C. Debonneville, M. Bens, A. Vandewalle, O.
ithelial cells: molecular characterization, biophysical proper- Staub, A novel mouse Nedd4 protein suppresses the activity of
ties, and physiological significance, Annu. Rev. Physiol. 61 the epithelial N& channel, FASEB J. 15 (2001) 204-214.
(1999) 627-661. [20] E. Kamynina, C. Tauxe, O. Staub, Distinct characteristics of
[5] P. Barbry, M. Lazdunski, Structure and regulation of the two human Nedd4 proteins with respect to epithelial(Na
amiloride-sensitive epithelial sodium channel, lon Channels 4 channel regulation, Am. J. Physiol. Renal Physiol. 281 (2001)
(1996) 115-167. F469-FA477.
[6] B.L. Blazer-Yost, X. Liu, S.I. Helman, Hormonal regulation of ~ [21] G. Nicolas, C.M. Fournier, C. Galand, L. Malbert-Colas,
ENaCs: insulin and aldosterone, Am. J. Physiol. 274 (1998) O. Bournier, Y. Kroviarski, M. Bourgeois, J.-H. Camonis,

C1373-C1379. D. Dhermy, B. Grandchamp, M.C. Lecomte, Tyrosine phos-



624

phorylation regulates alpha Il spectrin cleavage by calpain,

Mol. Cell Biol. 22 (2002) 3527—-3536.

[22] G. Pirozzi, S.J. McConnell, A.J. Uveges, J.M. Carter, A.B.
Sparks, B.K. Kay, D.M. Fowlkes, ldentification of novel
human WW domain-containing proteins by cloning of ligand
targets, J. Biol. Chem. 272 (1997) 14611-14616.

[23] K.F. Harvey, S. Kumar, Nedd4-like proteins: an emerging fam-
ily of ubiquitin-protein ligases implicated in diverse cellular
functions, Trends Cell Biol. 9 (1999) 166-169.

[24] M. Sudol, H.I. Chen, C. Bougeret, A. Einbond, P. Bork,
Characterization of a novel protein-binding module — the WwW
domain, FEBS Lett. 369 (1995) 67-71.

[25] M. Flasza, P. Gorman, R. Roylance, A.E. Canfield, M. Ba-
ron, Alternative splicing determines the domain structure of
WWP1, a Nedd4 family protein, Biochem. Biophys. Res.
Commun. 290 (2002) 431-437.

[26] F. Melchior, SUMO - nonclassical ubiquitin, Annu. Rev. Cell
Dev. Biol. 16 (2000) 591-626.

[27] D.M. Dunn, T. Ishigami, J. Pankow, A. Von Niederhausern,
J. Alder, S.C. Hunt, M.F. Leppert, J.M. Lalouel, R.B. Weiss,
Common variant of human NEDDA4L activates a cryptic splice

L. Malbert-Colas et al. / C. R. Biologies 326 (2003) 615-624

site to form a frameshifed transcript, J. Hum. Genet. 47(12)
(2002) 665-676.

[28] E.A. Mosser, J.D. Kasanov, E.C. Forsberg, B.K. Kay, P.A.
Ney, E.H. Bresnick, Physical and functional interactions be-
tween the transactivation domain of the hematopoietic tran-
scription factor NF-E2 and WW domains, Biochemistry 37
(1998) 13686-13695.

[29] M.D. Conkright, M.A. Wani, J.B. Lingrel, Lung Kruppel-
like factor contains an autoinhibitory domain that regulates its
transcriptional activation by binding WWP1, an E3 ubiquitin
ligase, J. Biol. Chem. 276 (2001) 29299-29306.

[30] M. Babst, G. Odorizzi, E.J. Estepa, S.D. Emr, Mammalian tu-
mor susceptibility gene 101 (TSG101) and the yeast homo-
logue, Vps23p, both function in late endosomal trafficking,
Traffic 1 (2000) 248—258.

[31] F. Giorgino, O. de Robertis, L. Laviola, C. Montrone, S. Per-
rini, K.C. McCowen, R.J. Smith, The sentrin-conjugating
enzyme mUbc9 interacts with GLUT4 and GLUT1 glucose
transporters and regulates transporter levels in skeletal muscle
cells, Proc. Natl Acad. Sci. USA 97 (2000) 1125-1130.



	Identification of new partners of the epithelial sodium channel alpha subunit
	Introduction
	Materials and methods
	Constructions of two-hybrid plasmids
	Yeast two-hybrid system
	In vitro interactions
	Analysis of the genomic organisation of Nedd4-2
	Chromosomal location

	Results
	The alpha-rENaC C-terminus interacts with several partners involved in ubiquitin/SUMO pathway
	Structural analysis of the alpha-ENaC-interacting proteins
	Beside the PY motif, the C-terminus of alpha-ENaC contains additional reactive domains
	Each selected partner displays different interaction affinities with alpha-, - and gamma-ENaC
	The C2 domains from Nedd4-2c and WWP1 modify the interaction with ENaC
	In vitro interactions by GST-pull-down assays

	Discussion
	Acknowledgements
	References


