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Alternative Splicing Determines the Domain Structure
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Nedd-4-like proteins are E3 ubiquitin-ligase mole-
cules which regulate key trafficking decisions, includ-
ing targeting of proteins to proteosomes or lysosomes.
Here we show that a human Nedd4 family gene, WWP1,
is localized on 8921 and generates at least six isoforms
through alternative splicing. We show that alternative
splicing affects the domain structure of WWP1, with
forms that contain or lack an N-terminal C2 domain.
Interestingly, the relative ratio of these forms varies
in a tissue-specific manner. Other splice forms were
also identified which may disrupt the structure of the
C2 domain by removing its predicted C-terminal beta-
strands. One splice form generates, through the intro-
duction of a reading frame shift, a C2 domain-only
form of WWP1. We discuss the hypothesis that regula-
tion of splice site usage may modulate the activity
of WWP1 and possibly other Nedd4 family proteins.
© 2002 Elsevier Science
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The labeling of specific protein substrates with ubig-
uitin is a widespread mechanism by which protein
function can be posttranslationally regulated. Ubig-
uitination regulates numerous protein trafficking pro-
cesses including delivery of targeted proteins to the
proteosome, endocytosis and endosomal sorting to the
lysosome (1). In the ubiquitination process it is gener-
ally E3 class ubiquitin ligases which determine target
protein selection. An important group of E3 proteins is
the Nedd4 family, which contain a C-terminal HECT
class ubiquitin ligase domain (2, 3). In addition, Nedd4
proteins are defined by the presence of an N-terminal
C2 domain, which is a membrane lipid interaction mo-
tif (4, 5), and two to four WW domains which are
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thought to mediate target protein selection (6). Nedd4
family proteins have been shown to have diverse func-
tions in different organisms. These roles include down-
regulation of membrane proteins by endocytosis (7—
13), virus budding, exocytosis of certain membrane
proteins (14, 15), transcription factor regulation (16,
17), proteosome dependent degradation (18-21) and
endoproteolytic cleavage (22). Given the plethora of
roles for Nedd4 family proteins, it is likely that there
are numerous regulatory mechanisms for initiating,
terminating and targeting of their activity. One way in
which a protein’s activity can be regulated is through
the generation of alternative splice forms. Here we
show that WWP1, a human Nedd4 family gene (1618,
23, 24) generates at least six alternatively spliced iso-
forms, which affect the domain structure of the protein.
We have determined the chromosomal localization of
the WWP1 gene and also a closely related processed
pseudogene. We show that the identified splice forms of
WWP1 are consistent with authentic splice donor and
acceptor sites within the WWP1 gene. Interestingly we
show that the relative ratio of the different WWP1
splice forms varies in a tissue-specific manner and we
discuss the possible functional implications of such
variation.

MATERIALS AND METHODS

cDNA clone of WWP1. Sequences of WWP1 have previously been
reported (18, 23, 24). The cDNA clone referred to in this study was
identified independently in a T47D cell-line (25) cDNA library (gift of
Dr. Tania Nolan and Dr. Ged Brady, University of Manchester). The
nucleotide numbers used as reference points in this study, refer to
clone (2al) identified in this screen (GenBank AY043361), which
consists of 3479 bp and encodes a complete 922-amino-acid ORF.
Sequence database searches were performed using BLAST programs
at the National Center for Biotechnology Information website.

Identification of splice forms. Tissue mMRNA samples were ob-
tained from Clontech. RNA was prepared from the T47D cell line
using RNAZzol (Gibco-BRL) and a mRNA fraction was obtained fol-
lowing affinity purification using oligo-dT Sepharose (Sigma). RT-
PCRs were performed on 50 ng of tissue specific mRNA (Clontech), or
5 ng mRNA template from the T47D cell line, using the SuperScript
One-Step RT-PCR system (Gibco-BRL) and a Perkin—Elmer 2400
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cycler. Primer sequences corresponded to nucleotides 2—23 (forward)
and 1267-1245 (reverse) of clone 2al, i.e., 5'-gaaagagggaatcgtgtcttac
and 5’-acgatcatcaactcttctttcec, respectively. One cycle of cDNA syn-
thesis was performed at 50°C for 30 min followed by denaturation for
2 min and 35 cycles of PCR amplification (denature at 94°C for 15 s,
55°C for 30 s, and 72°C for 1 min). For identification of splice
variants, the purified PCR products were cloned into pGEM T-easy
(Promega) and inserts sequenced using an Applied Biosystems au-
tomated sequencer and Big Dye chemistry (Perkin—Elmer).

Fluorescence in situ hybridization (FISH). FISH was performed
using cosmids LA0835L9, LA0848B17, and LA0849F10 (Los Alamos
National Laboratory, supplied by UK HGMP Resource Centre)
which were identified by screening of the chromosome 8-specific
genomic clone filter, LAOBNCO1 (Los Alamos National Laboratory,
supplied by UK HGMP Resource Centre), using clone 2al as a probe.
For FISH, the genomic clones were labeled with biotin using a
Bionick kit (Gibco-BRL). 80 ng of labeled probe was precipitated in
the presence of 3-5 ug Cotl DNA and then dissolved in hybridization
mixture (50% formamide, 10% dextran sulfate and 2X SSC). Probes
were denatured at 80°C for 5 min, left to preanneal for 30 min, and
then applied to denatured metaphase spreads prepared from normal
PHA-stimulated human lymphocytes. The metaphase spreads were
denatured in 70% formamide in 2X SSC at 73°C and dehydrated in
an ethanol series. Probes were left to hybridize for 12-16 h at 37°C
then washed at 42°C in 50% formamide/2x SSC and then in 2Xx SSC.
The biotinylated probes were detected with FITC-conjugated avidin
(Vector Laboratories) and the metaphase spreads counterstained
with 4,6-diamino-2-phenylindole (DAPI). Images were captured with
a cooled charge-coupled device (CCD) camera attached to a Zeiss
axioskop microscope, and then analyzed using Quips (Vysis, Inc.,
Downers Grove, IL) software. At least 10 metaphases were examined
for each probe.

RESULTS
Identification of WWP1 Splice Forms

To analyze the expression of the WWP1 gene a RT-
PCR protocol was adopted. Two primers were designed
which were located near the 5’ end of the WWP1 open-
reading frame and which flanked the C2 domain con-
taining region. Primers were first tested on a RNA
template derived from the T47D cell line (25), since we
had already established that WWP1 was expressed in
these cells. Surprisingly, six RT-PCR products were
detected (A to F), which were cloned and sequenced
(Figs. 1a and 1b). Form A corresponded to the expected
sequence of WWP1, while forms E and F corresponded
to forms lacking the C2 domain. Other forms were also
identified, which corresponded to deletions of the
C-terminal end of the C2 domain (form C) and trunca-
tions of the protein ORF within or before the C2 do-
main (B and D, respectively). These truncations arose
due to the introduction of a frame shift leading to an in
frame stop codon. The barely detectable splice form D
could be translated to give only a short 32 amino acid
peptide from the existing initiating methionine. We
cannot, however, rule out that a downstream methio-
nine could be used to initiate another C2 minus form of
the protein from this transcript. Splice form C, as well
as deleting part of the C2 domain and some sequence
C-terminal to it, also introduced a single amino acid
change (Leu to Phe) at the new exon—exon boundary.
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FIG. 1. Genomic organization and splice forms of the 5’ end of
the WWP1 reading frame. (a) Ethidium bromide-stained agarose gel
showing RT-PCR products obtained. Six bands were identified, la-
beled A to F, and subcloned. (b) Exon structure of the 5’ end of WWP1
gene (shown not to scale). Boxes denote exons identified in full-length
form A. Unshaded region represents 5’ untranslated sequence, black
boxes represent C2 domain region, and checkered boxes represent
WW domain coding sequence. Numbers indicate nucleotide posi-
tions of splice sites, compared to clone 2al (GenBank Accession
AY043361). Alternative usage of splice junctions in forms B-F is
indicated below. Note that form E uses alternative splice donor and
acceptor sites that lie within the A form exons; all other splice
variants are derived from exon skipping. The six alternative splice
products are depicted schematically below. Horizontal thick black
lines indicate the extent of the RT-PCR products derived from the
splice forms A to F, with dashed lines indicating the portions re-
moved in different splice forms. Positions of in frame stop codons
(TGA) introduced in splice forms B and D are indicated. In splice
form C the new splice junction introduces an amino acid change of
Leu 112 to Phe as indicated, but the remainder of the open reading
frame is intact. (c) FISH mapping of WWP1 genomic clones
LA083519, LA0848b17, and LA0849f10 to chromosome 8g21. Posi-
tive signal represented by double light spots is indicated with an
arrow. Only a partial metaphase spread is shown.

Analysis of a sequence alignment of the C2 domain of
WWHP1 with other C2 domains, together with consider-
ation of the known C2 domain fold (4, 26), allowed
prediction of the secondary structure elements within
the WWP1 C2 domain sequence (Fig. 2). From this
analysis it could be concluded that the B and C splice
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PLC-dl .. .LRVRIISGQQLPKVNKNKNSIVDPKVIVEIHGVGR -

hNedd4 . . VRVKVIAGIGLAKKDI--LGASDPYVRVTLYDPFMN

mNedd4 . VRVKVIAGIGLAKKDI--LGASDPYVRVTLYDPMS -

mNedd4-2 *TSLPLPRSLLEEVFL--PGICDPYVKLSLYVADEN

hNedd4-2 . . LDLPLSPLPTSDELFL--PGICDPYVKLSLYVADEN

WWP1-A . . LOQVTVSSAKLKRKKN---WFGTAIYTEVVVDG----

WWP1-B . .LOVTVSSAKLKRKKN---WFGTAIYTEVVVDG-~~—

WWP1-C .. .LOQVTVSSAKLKRKKN---WFGTAIYTEVVVDG-~—-

WWP2 . . . LTLKVVSAKPKVHNR ~~-~QPRINSYVEVAVDGLPS -

Itch . .LOQITVISAKLKENKKN--WFGPSPYVEVTVDG-—---

AIP4-b .LOQITVISAKLKENKKN--~-GWGPSPYVEVTVDG~-~~—

PLC-dl DTGS-~-RQTAVITN-NGFNPKWDMEFEPEVTVPDLALVRFMVEDYDSSSKN

hNedd4 GVLTSVQTKTIKK--SLNPKWNEEILFRVLP~-QRHRILFEVFDENRLTRD

mNedd4 GILTSVQTKTIKK--SLNPKWNEEILFRVLP-QRHRILHEVFDENRLTRD

mNedd4-2 RELALVQTKTIKK--TLNPKWNEEFYFRVNP-SNHRLLFEVFDENRLTRD

HNedd4-2 RELALVQTKTIKK--TLNPKWNEEFYFRVNP-SNHRLLFEVFDENRLTRD

WWPl-A  ---——- EITKTAKSSSSSNPKWDEQLTVNVTP--QTTLEFQVWSHRTLKAD

WWP1-B  ----- EITKTAKSSSSSNPKWDEQLTVNVTP~-QTTLEFQVWSHRTLKAD

WWP1l-C  —-——-- EITKTAKSSSSSNPKWDEQLTVNVTP--QTTLEFQVWSHRTLKAD

WWP2 ~  —-——- ETKKTGKRIGSSELILWNEIIILNVTA--QSHLDLKVWSCHTLR-N

Itch  ----- QSKKTEKCNNTNSPKWKQPLTVIVTP--TSKLCFRVWSHQTLKSD

AIP4-b  ----- QSKKTEKCNNTNSPKWRQPLTVIVTP--VSKLHFRVWSHQTLKSD

PLC-d1l DFIGQOSTIPWNS--———-— LKQGYRHVHLLSKNGDQHPSATLFVKISIQOD*

hNedd4 DFLGQVDVPLYPLPTENPRLERPYTFKDFVLHPRSHKSRVKGYLRLKMTYLPKTSGSEDDNAEQAEELEPG. . .
mNedd4 DFLGQVDVPLYPLPTENPRMERPYTFKDFVLHPRSHKSRVKGYLRLKMTYLPKNGSEDENADQAEELEPGW. . .
MNedd4-2 DFLGQVDVPLSHLPTEDPTMERPYTFKDFLLRPRSHKSRVKGFLRLKMGYMPKNGGQDEENSEQRDDMEHG. . .
HNedd4-2 DFLGQVDVPLSHLPTEDPTMERPYTFKDFLLRPRSHKSRVKGFLRLKMAYMPKNGGQDEENSDQRDDMEHG. . .
WWP1-A ALLGKATIDLKQALLIHNRKLERVKEQLKLSLENKNGIAQTGELTVVLDGLVIEQENITNCSSSPTIEIQE. . .
WWP1-B ALLGKATIDLKQALLIHNRKCWLLKARME*

WWP1-C ALLGKATIDLKQALLIHNRKFNGESSSFAPTDNASVTGTPVVSEENALSPNCTSTTVEDPPVQEILTSSEN. . .
WWP2 ELLGTASVNLSNVLKNNGGKMENMQL TLNLQTENKGSVVSGGKLTIFLDGPTVDLGNVPNGSALTDGSQLP. . .
Itch VLLGTAGLDIYETLKSNNMKLEEVVMTLQLVGDKEPTET-MGDLSVCLDGLQVEAEVVTNGETSCSESTTQ. . .
ATIP4-b VLLGTAALDIYETLKSNNMKLEEVVVTLQLGGDKEPTET-IGDLSICLDGLQLESEVVTNGETTCSESASQ. . .
AIP4-a MKTTLLKLIFCLNFDVKGASQ. ..

FIG. 2. Alignment of the C2 domain of WWP1 with the C2 domain from phospholipase C-deltal (PLC-d1), whose structure is known (26)
and with C2 domains from Nedd4 family proteins. Bold lettering indicates the conserved clusters of hydrophobic amino acids that allow the
positions of the eight beta-strands (underlined sequence of PLC-d1) to be deduced (4, 26). Asterisks mark positions of in-frame stop codons.
The sequences of three splice forms of WWPL1 (A, B, C corresponding to those depicted in Fig. 1) are indicated. Italic lettering in WWP1-B
and C indicates sequence replacing the normal C2 domain sequence in these splice forms. AlP4-a and -b represent two alternative forms of
the human AlIP4/1tch gene identified from EST sequences (see text). AlP4-a contains an alternative N-terminus and initiating methionine
(italic lettering) compared to the AIP4-b splice form. The mouse Nedd4-2 (mNedd4-2) ORF is predicted to start at the double underlined
methionine (28), due to an earlier in-frame stop codon (asterisk). However, analysis of the predicted 5’ untranslated region reveals a C2
domain signature with very high homology to human Nedd4-2 (hNedd4-2). Homology between mNedd4-2 and hNedd4-2 only breaks down
near the beginning of the C2 domain (italic lettering), in the vicinity of the mNedd4-2 in frame stop codon. The accession numbers of the
sequences used were PLC-d1 (B28821) human Nedd4 (D42055), mouse Nedd4 (P46935), mouse Nedd4-2 (AF277232), human Nedd4-2
(KIAA0439), human WWP1 (AY043361), human WWP2 (NM007014), mouse Itch (NM008395), human AlP4 (CAC09387, BF203990,
AU129193).

forms led to deletions of parts of the C2 domain which
encompassed the terminal two beta strands.

To determine whether other Nedd4 family genes
generated similar alternative transcripts we examined
ESTs in the GenBank database corresponding to
Nedd4 genes previously thought to lack a C2 domain.
The mouse Nedd4 family protein Itch was originally
reported to lack C2 domain sequence (27); however,
reanalysis of the sequence showed a C2 domain was
indeed present (24). The sequence of AlIP4 (GenBank
Accession CAC09387), the human orthologue of mouse
Itch (18), does not contain a C2 domain sequence.
Through searching of the GenBank database we iden-
tified two human ESTs (BF203990, AU129193) which
encoded an alternative N-terminus of AIP4 with a rec-

ognizable C2 domain. This finding suggests that alter-
native splicing of Itch/AlIP4 occurs similarly to WWP1.
In the case of Itch/AIP4 however, the ORF of the alter-
nate splice product was found to include a novel trans-
lation start site fused to sequences downstream of the
C2 domain (Fig. 2). In contrast all the alternative
forms of WWP1 that we have detected have the same
predicted translation start site. It has also been re-
ported that the ORF of mouse Nedd4-2 lacks a C2
domain (28). However, analysis of the translated
mouse Nedd4-2 mRNA sequence (GenBank accession
AF277232) upstream of the putative initiation methi-
onine, revealed the presence of a C2 domain signature
(Fig. 2). We compared the predicted mouse Nedd4-2 C2
domain sequence with the incomplete sequence of hu-
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man Nedd4-2 which also contains a recognizable C2
domain sequence and found that the two amino acid
sequences were virtually identical apart from at the
N-terminal end of the C2 domain. The human and
mouse sequences differ around the location where an
in frame stop codon is found in the mouse sequence
(Fig. 2) but not in the human. This prompts us to
speculate that these human and mouse forms repre-
sent two different splice forms of the Nedd4-2 gene
which initiate translation from different sites and that
further splice forms of mouse Nedd4-2 may exist which
allow its C2 domain translation.

Chromosomal Localization of the WWP1 Gene

To confirm that the identified RT-PCR products were
genuine splice variants of WWP1, we investigated the
structure of the genomic region around the alterna-
tively spliced region. Initial FISH mapping to human
metaphase chromosomes, using the 2al cDNA as a
probe, gave positive signals on both chromosome 3 and
8 (data not shown). Screening of a chromosome 8 spe-
cific genomic clone filter LAOBNCOL1 (Los Alamos Na-
tional Laboratory, supplied by UK HGMP Resource
Centre) allowed the identification of three positively hy-
bridizing cosmids (LA0835I9, LA0848b17 and LA0849f10).
The latter were used as probes for FISH mapping to
human metaphase chromosomes. All three cosmids
mapped to 8921 (Fig. 1c). No positively hybridizing
clones were obtained from a chromosome 3 specific
filter. At this time publicly available DNA sequence
from the Human Genome Project became available
(GenBank AC083845) which, in conjunction with the
cDNA sequence, allowed the intron—exon boundaries
at the 5’ end of the WWP1 gene to be determined.
Appropriate splice junction sequences were identified
corresponding to those required to generate all of the
six splice forms (Fig. 1b). This analysis confirms that
the observed RT-PCR products reflect genuine alterna-
tive splice site usage and are not experimental arti-
facts. All the splice forms, apart from E, arose by
skipping of intervening exons which were used in
splice form A. Splice form E, however, arose from use of
alternative donor and acceptor sites lying within two of
the A form exons (Fig. 1b).

Interestingly, during this analysis a very closely re-
lated genomic DNA sequence was identified which was
located on chromosome 3 (GenBank AC016962). Trans-
lation of the sequence revealed high amino acid simi-
larity to WWP1 but the amino acid reading frame was
interrupted in several places with stop codons (Fig. 3).
This result together with the fact that the genomic
sequence was not interrupted by introns suggested
that the chromosome 3 sequence was a processed pseu-
dogene. This finding may explain the original positive
signal obtained by FISH using the WWP1 cDNA probe.
Analysis of the sequence of the identified alternative
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forms of WWP1 showed that none of these forms could
have arisen from transcription of its related pseudo-
gene.

Expression of WWP1 Splice Variants Is Widespread
and Regulated in a Tissue-Specific Manner

To determine whether alternative splicing of WWP1
was a general phenomenon or a specific feature of
splicing misregulation within the T47D tumour cell
line, we compared expression of WWP1 splice forms
across a number of different human tissues. Figure 4
shows that WWP1 was expressed in all tissues inves-
tigated. While alternative splicing occurred in all these
samples, the relative ratios of different splice products
appeared to be regulated in a tissue-specific fashion. In
all samples the C2 domain plus and minus forms (A
and E) were most highly represented and the relative
proportion of other forms was significantly lower com-
pared to the tumor cell line T47D. Splice forms B and
D were not detected in tissue derived RNA samples.
This was true even in tissues that gave a relatively
strong signal for the A and E forms, such as skeletal
muscle. In testis and bone marrow RNA, the ratio of
the E to A forms of WWP1 was higher compared to that
of adult liver tissue RNA. Other samples, including
fetal and adult brain, skeletal muscle and fetal liver
tissue, showed an intermediate ratio of the E to A
forms. It was interesting to note that the RNA from
fetal liver contained a higher ratio of E to A forms
compared with adult liver, suggesting that this ratio may
be developmentally regulated in some circumstances.

DISCUSSION

An accumulation of data from different organisms
has shown that Nedd4 family proteins, through tar-
geted protein ubiquitination, mediate a variety of pro-
tein trafficking decisions on the secretory, endocytic
and proteosomal pathways. Some members of the fam-
ily have been shown to mediate several functions. Lit-
tle is known, however, about how the balance between
these roles is achieved and regulated. Here we have
demonstrated that the human Nedd4 family protein,
WWHP1, undergoes alternative splicing which gener-
ates forms of the protein that have or lack the C2
domain. Analysis of the relative abundance of the dif-
ferent WWPL1 splice forms across a range of different
tissues found evidence that the ratio of alternative
forms can be regulated in a tissue-specific manner. We
also presented evidence that a similar splicing in or out
of the C2 domain occurs in at least one other Nedd4
family gene, namely human AIlP4/ltch and possibly
also in Nedd4-2. The splicing in or out of the C2 domain
in Nedd4 family proteins is likely to have important
consequences on their activity. One possible conse-
quence is that alternative forms are targeted to differ-
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1 MATASPRSDT SNNHSGRLQL QVTVSSAKLK RKRNWFGTAI YTEVVVDGEI TKTAKSSSSS
60 NPKWDESLTV EVTPQTTLEF QVWSHRTLKA DiELGKATID LKQALLIiNR iLERVKEQLK
120 LgLENKNGIA QTGELTVVLD gLVIEgENIT~NCSSSgTIgI QENGDALHEN GEPSARTTAR
180 LAVEGTNGID NHVPTSTLVQ NSCCSYVVNG DNTPgS§SQV AgRPKNTPAP KPLASEPADD
240 TVéGESSSFA PTDNASVTGT PVVSEENALS PNéTSTTVED PPVQEILTSS EENECIPSTS
300 AELESEARSI LEPDTSNgRé SSAFEAAKSR QPDGCMDPVR QQSGNANTET LPSGWEQRKD

A

360 PHGgTY§VDH N?RTTTWEgP QPLPPgWERR VDDRRRVYYV DSNTRTTTWQ RPTMESVRNg
420 EQWQSQRNQP QGgMQQgNQ§ YLYSiSMLAA ENDP$G?LPP GWEKR@DSTD RVYFV%HNTK
480 TTQWED%RTQ GLQONEEPLPE GWEIRYTREG VRYF%DHNAR T?TFKDPRNG KSSVTKgGPQ
540 IDYERGFRWK LAHFRYLCQS NALP%?YK}E_YEEgzggggg_Eggzﬂégggz;REE§RLYVIF
600 BEE_E_inD}g_Q_EABE‘AEEL_LE_HE‘LLEEMgST;EELYX%EN_YE_LQI_NEAS_TLN_E%EE_YFCFI
660 EEEE%HEEE?_EEEEPEEEEELEEXER@EgEE_EEEEPLESE; TEFYNSLIWI RDNNIEECGL
720 EMYPSVDMEI LGKVTSHDL LGGSNILVTE ENKDEYIGLY TEWRFSRGVQ EQTKAFLDGF
760 NGVVPLOWLO YFDEKELEVM 1COMOEVDLA DHORNTVYRE YTRNSKOIIR FWQFVETON
840 EVRMRLLOFY TGTCRLPLGG FAELMGSNGP QKFCIFKVGK DIWLPRSHIC FNRLDLPPYK
200 _SX?.Q_EISEET;L_EA_IEE_TE%‘“E_QE* ”

FIG. 3. A pseudogene sequence related to WWP1 on chromosome 3. The amino acid sequence is shown of the complete open-reading
frame of WWP1, with amino acid differences in the interrupted reading frame of the pseudogene shown below. Asterisks indicate positions
of in-frame stop codons in the pseudogene sequence. The C2 domain of WWPL1 is indicated with bold lettering, the four WW domains are
underlined with a solid line and the HECT domain is underlined with a broken line. Amino acid substitutions in the pseudogene are
distributed evenly throughout the sequence in both conserved and nonconserved regions.

ent locations and thus may possibly regulate target
protein selection. This hypothesis is supported by data,
which show that the C2 domain of Nedd4 is important
for its localization to lipid rafts (29). An alternative and
intriguing possibility is that the outcome of target se-
lection and ubiquitination could depend on the pres-
ence or absence of its C2 domain. In this regard, it is
important to note that C2 domains in other proteins
mediate interactions with proteins as well as mem-
brane lipid. For example, the C2 domain of Nedd4
binds to annexin XI11 (29) and C2 domains of synapto-
tagmin mediate interactions with syntaxin, a SNARE
protein involved in membrane fusion (30) and AP-2, a
protein involved in formation of clathrin coated pits
during endocytosis (31). It is possible therefore that the
C2 domains of Nedd4 family proteins play a direct role
in mediating their trafficking functions. Interestingly,
in yeast, the C2 domain of Rsp5 was found not to be
required for ubiquitination of its target permease pro-
teins, but the C2 domain was required for this ubig-
uitination to lead to their endocytosis (32). Thus the
consequence of WWP1 or Itch activity could depend on
whether their target proteins are ubiquitinated by a
C2 positive or negative form. Interestingly a C2
minus form of Nedd4 is generated posttranslationally

by caspase-dependent cleavage during apoptosis, al-
though the biological significance of this is not known
(33).

A number of less abundant alternative forms of
WWHP1 were also identified. Splice forms B and C re-
moved the predicted C-terminal two beta-stands from
the C2 domain. In addition form B introduced a pre-
mature stop codon, allowing a predicted open reading
frame encompassing only the truncated C2 domain. It
is not clear whether the removal of these terminal
beta-strands would allow a functional C2 domain to
fold, since we can find no precedent in the literature for
such a variant C2 domain. It is possible that the new
amino acid sequences, which replace the two beta-
strands in these splice variants, could play a part in
stabilizing the fold. Expression and structural analysis
of the isolated truncated domain would reveal the sta-
bility of such a fold. It is tempting to speculate that the
presence of such products could have a consequence on
the function of WWP1. It is possible that a single C2
domain, or a WWP1 molecule with a defective C2 do-
main, could have a dominant negative effect on WWP1
activity. It will be important to establish in cells
where there is an increase in relative proportion of
these forms, such as in the T47D tumour cell line,
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FIG. 4. Expression of splice variants of WWP1 in normal tissues
and cell lines. Southern blots of RT-PCR products obtained from 50
ng of MRNA derived from human kidney (KIDN), fetal liver (FLIV),
adult liver (L1V), fetal brain (FBR), adult brain (BR), skeletal muscle
(SKMSCL), testis (TEST), bone marrow (BM), placenta (PLAC), thy-
mus (THYM), spinal chord (SC), spleen (SPL). The RT-PCR product
from 5 ng of T47D cell line mRNA is at the end of each panel as a
comparison, with the six identified splice products labeled A to F.
Southern blots were probed with a *P-labeled, nested fragment
lying within the region flanked by, but not including, the primer
sequences.

whether their expression can be linked to altered cel-
lular behavior.

ACKNOWLEDGMENTS

We thank Jan Longcroft and Rosemary Jeffrey of the ICRF in situ
hybridization service for assistance with in situ labeling. We thank
Neil Anderson for the T47D cell line and the Medical Research
Council, Human Genome Project Resource Centre, for the EST and
genomic clones. M.F. was supported by a University of Manchester
Overseas Ph.D. studentship, and M.B. was supported by the Medical
Research Council and the Wellcome Trust.

REFERENCES

1. Hicke, L. (2001) A new ticket for entry into budding vesicles—
Ubiquitin. Cell 106, 527-530.

2. Huibregtse, J. M., Schefner, M., Beaudenon, S., and Howley,
P. M. (1995) A family of proteins structurally and functionally
related to the E6-AP ubiquitin protein ligase. Proc. Natl. Acad.
Sci. USA 92, 2563-2567.

3. Harvey, K., and Kumar, S. (1999) Nedd4-like proteins: An
emerging family of ubiquitin-protein ligases implicated in di-
verse cellular functions. Trends Cell Biol. 9, 166-169.

4. Nalefski, E. A., and Falke, J. J. (1996) The C2 domain calcium-
binding motif: Structural and functional diversity. Protein Sci. 5,
2375-2390.

5. Plant, P. J., Yeger, H., Staub, O., Howard, P., and Rotin, D.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

436

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

(1997) The C2 domain of the ubiquitin protein ligase Nedd4
mediates Ca’'-dependent plasma membrane localization.
J. Biol. Chem. 272, 32329-32336.

. Zarrinpar, A., and Lim, W. A. (2000) Converging on proline: the
mechanism of WW domain peptide recognition. Nature Struct.
Biol. 7, 611-613.

. Hein, C., Springael, J., Volland, C., Haguenauer-Tsapis, R., and
Andre, B. (1995) NPI1, an essential yeast gene involved in in-
duced degradation of Gapl and Fur4 permeases, encodes Rsp5
ubiquitin-protein ligase. Mol. Micro. Biol. 18, 77-87.

. Lucero, P., and Lagunas, R. (1997) Catabolite inactivation of the

yeast maltose transporter requires ubiquitin-ligase npil/Rsp5
and ubiquitin-hydrolase npi2/doa4. FEMS Microbiol. Lett. 147,
273-277.

. Springael, J. Y., and Andre, B. (1998) Nitrogen-regulated ubig-

uitination of the Gapl permease of Saccharomyces cerevisiae.
Mol. Biol. Cell 9, 1253-1263.

Gajewska, B., Kaminska, J., Jesionowska, A., Martin, N., Hop-
per, A. K., and Zoladek, T. (2001) WW domains of Rsp5 define
different functions: Determination of roles in fluid phase and
uracil permease endocytosis in Saccharomyces cerevisiae. Genet-
ics 157, 91-101.

Staub, O., Abriel, H., Plant, P., Ishikawa, T., Kanelis, V., Saleki,
R., Horisberger, J., Schild, L., and Rotin, D. (2000) Regulation of
the epithelial Na* channel by Nedd4 and ubiquitination. Kidney
Int. 57, 809-815.

Staub, O., Dho, S., Henry, P. C., Correa, J., Ishikawa, T., Mc-
Glade, J., and Rotin, D. (1996) WW domains of Nedd4 bind to the
proline rich PY motives in epithelial Na+ channel deleted in
Liddle’s syndrome. EMBO J. 15, 2371-2380.

Staub, O., Gautschi, I., Ishikawa, T., Breitscoopf, K., Ciech-
anover, A,, Schild, L., and Rotin, D. (1997) Regulation of stability
and function of the epithelial Na* channel (ENaC) by ubiquiti-
nation. EMBO J. 16, 6325-6336.

Kikonyogo, A., Bouamr, F., Vana, M. L., Xiang, Y., Aiyar, A,
Carter, C., and Leis J. (2001) Proteins related to the Nedd4
family of ubiquitin protein ligases interact with the L domain of
Rous sarcoma virus and are required for gag budding from cells.
Proc. Natl. Acad. Sci. USA 98, 11199-11204.

Helliwell, S. B., Losko, S., and Kaiser, C. A. (2001) Components
of a ubiquitin ligase complex specify polyubiquitination and in-
tracellular trafficking of the general amino acid permease.
J. Cell Biol. 153, 649-662.

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

Mosser, E. A., Kasanov, J. D., Forsberg, E. C., Kay, B. K., Ney,
P. A., and Bresnick, E. H. (1998) Physical and functional inter-
actions between the transactivation domain of the hematopoetic
transcription factor NF-E2 and WW domains. Biochemistry 37,
13686-13695.

Wood, J. D, Yuan, J, Margolis, R. L, Colomer, V., Duan, K,
Kushi, J., Kaminsky, Z., Kleiderlein, J. J., Sharp, A. H., and
Ross, C. A. (1998) Atrophin-1, the DRPLA gene product, inter-
acts with two families of WW domain-containing proteins. Mol.
Cell Neurosci. 11, 149-60.

Zhu, H., Kavsak, P., Abdollah, S., Wrana, J. L., and Thomsen,
G. H. (1999) A SMAD ubiquitin ligase targets the BMP pathway
and affects embryonic pattern formation. Nature 400, 687—693.
Lin, X., Liang, M., and Feng, X. H. (2000) Smurf2 is a ubiquitin
E3 ligase mediating proteosome-dependent degradation of
Smad? in transforming growth factor-g signaling. J. Biol. Chem.
275, 36818-36822.

. Zhang, Y., Chang, C., Gehling, D. J., Hemmati-Brivanolu, A,



Vol. 290, No. 1, 2002

22.

23.

24.

25.

26.

27.

and Derynck, R. (2001) Regulation of Smad degradation and
activity by Smurf2, an E3 ubiquitin ligase. Proc. Natl. Acad. Sci.
USA 98, 974-979.

Hoppe, T., Matuschewski, K., Rape, M., Schlenker, S., Ulrich, H.,
and Jentsch, S. (2000) Activation of a membrane-bound tran-
scription factor by regulated/proteosome-dependent processing.
Cell 102, 577-586.

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

Cornell, M., Evans, D. A. P., Mann, R., Fostier, M., Flasza, M.,
Monthatong, M., Artavanis-Tsakonas, S., and Baron, M. (1999).
The Drosophila melanogaster Suppressor of deltex gene, a regu-
lator of the Notch receptor signaling pathway, is a E3 class
ubiquitin ligase. Genetics 152, 567-576.

Westley, B., and Rochefort, H. (1980) A secreted glycoprotein
induced by estrogen in human breast cancer cell lines. Cell 20,
353-362.

Rizo, J., and Sudof, T. C. (1998) C2-domains, structure and
function of a universal Ca**-binding domain. J. Biol. Chem. 273,
15879-15882.

Perry, W. L., Hustad, C. M., Swing, D. A., O'Sullivan, T. N.,
Jenkins, N. A., and Copeland, N. G. (1998) The itchy locus

437

28.

29.

30.

31.

32.

33.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

encodes a novel ubiquitin-protein ligase that is disrupted in
al8H mice. Nat. Genet. 18, 143-146.

Kamynina, E., Debonneville, C., Bens, M., Vandewalle, A., and
Staub, O. (2001) A novel mouse Nedd4 protein suppresses the
activity of the epithelial Na“ channel. FASEB J. 1, 204-214.
Plant, P. J., Lafont, F., Lecat, S., Verkade, P., Simons, K., and
Rotin, D. (2000) Apical membrane targeting of Nedd4 is medi-
ated by an association of its C2 domain with annexin Xlllb.
J. Cell Biol. 149, 1473-1484.

Augustine, G. J. (2001) How does calcium trigger neurotrans-
mitter release? Curr. Opin. Neurobiol. 11, 320-326

von Poser, C., Zhang, J. Z., Mineo, C., Ding, W., Ying, Y., Sudhof,
T. C., and Anderson, R. G. (2000) Synaptotagmin regulation of
coated pit assembly. J. Biol. Chem. 275, 30916-30924.
Springael, J., de Craene, J., and Andre, B. (1999) The yeast
Nip1/Rsp5 ubiquitin ligase lacking its N-terminal C2 domain is
competent for ubiquitination but not for subsequent endocytosis
of the Gapl permease. Biochem. Biophys. Res. Commun. 257,
561-566.

Harvey, K. F., Harvey, N. L., Michael, J. M., Parasivam, G.,
Waterhouse, N., Alnemri, E. S., Watters, D., and Kumar, S.
(1998) Caspase-mediated cleavage of the ubiquitin-protein ligase
Nedd4 during apoptosis. J. Biol. Chem. 273, 13524-13530.



	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2

	DISCUSSION
	FIG. 3
	FIG. 4

	ACKNOWLEDGMENTS
	REFERENCES

