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WW domains are protein modules that mediate protein-protein interactions through recognition of proline-
rich peptide motifs and phosphorylated serine/threonine-proline sites. To pursue the functional properties of
WW domains, we employed mass spectrometry to identify 148 proteins that associate with 10 human WW
domains. Many of these proteins represent novel WW domain-binding partners and are components of
multiprotein complexes involved in molecular processes, such as transcription, RNA processing, and cytoskel-
etal regulation. We validated one complex in detail, showing that WW domains of the AIP4 E3 protein-
ubiquitin ligase bind directly to a PPXY motif in the p68 subunit of pre-mRNA cleavage and polyadenylation
factor Im in a manner that promotes p68 ubiquitylation. The tested WW domains fall into three broad groups
on the basis of hierarchical clustering with respect to their associated proteins; each such cluster of bound
proteins displayed a distinct set of WW domain-binding motifs. We also found that separate WW domains from
the same protein or closely related proteins can have different specificities for protein ligands and also
demonstrated that a single polypeptide can bind multiple classes of WW domains through separate proline-
rich motifs. These data suggest that WW domains provide a versatile platform to link individual proteins into

physiologically important networks.

Many signaling proteins contain modular domains that me-
diate specific protein-protein interactions, frequently through
the recognition of short peptide motifs in their binding part-
ners (56). In many cases these interactions are regulated by
posttranslational modifications, such as phosphorylation. In-
teraction domains can thereby control the subcellular localiza-
tion, enzymatic activity, and substrate specificity of regulatory
proteins and the assembly of multiprotein complexes, and thus
the flow of information through signaling pathways.

WW domains comprise a family of protein-protein interac-
tion modules that are found in many eukaryotes and are
present in approximately 50 human proteins (6; see Fig. 1).
Within these polypeptides, WW domains are joined to a num-
ber of distinct interaction modules, including phosphotyrosine-
binding domains (i.e., in the FE65 protein) and FF domains
(CA150 and FBP11), as well as protein localization domains,
such as C2 (NEDD#4 family proteins) and pleckstrin homology
domains (PLEKHAS). WW domains are also linked to a vari-
ety of catalytic domains, including HECT E3 protein-ubiquitin
ligase domains (in NEDD4 family proteins), rotomerase/pep-
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tidyl prolyisomerase domains (Pinl), and Rho GTPase-activat-
ing protein domains. Consequently, WW domain-containing
proteins are involved in a variety of cellular processes, includ-
ing transcription, RNA processing, protein trafficking, receptor
signaling, and control of the cytoskeleton (32, 33, 68). WW
domain-mediated interactions have been implicated in cancer
(4,75), in hereditary disorders, such as Liddle’s syndrome (66)
and Rett’s syndrome (8), as well as in Alzheimer’s (46, 48) and
Huntington’s (20, 55) diseases.

WW domains are typically 35 to 40 amino acids in length (6)
and fold into a three-stranded, antiparallel 8 sheet with two
ligand-binding grooves (30, 38, 50, 72). WW domains bind a
variety of distinct peptide ligands including motifs with core
proline-rich sequences, such as PPXY (amino acid single-letter
code; X is any amino acid) (PY) (14), PPLP (2, 18), as well as
proline/arginine-containing (PR) sequences (3) and phosphor-
ylated serine/threonine-proline sites [p(S/T)P] (49, 76). WW
domains have been classified into four groups on the basis of
their binding to peptide ligands (3, 19, 67). Group I WW
domains, which include the NEDD4 family proteins and the
65-kDa Yes-associated protein (YAP65), recognize PY motifs
(14, 66). Group II WW domains, such as the FE65 WW do-
main and the first WW domain of FBP11, recognize PPLP
motifs (2, 18), and group III WW domains (FBP30 WW1)
recognize PR motifs (3). Group IV WW domains, such as
those from Pin1 (49) and PDX-1 C-terminus-interacting factor
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FIG. 1. Domain organization and alternate names of WW domain-containing proteins analyzed in this study. WW domain-containing proteins
examined in this study, their unique GenelDs, as well as alternate names are indicated. The relative domain organization of each of the proteins
was determined by searching the National Center for Biotechnology Information conserved domain database (CDD) (51) and is indicated. WW
domains specifically analyzed in this study are indicated with an asterisk. a.a., amino acids; PTB, phosphotyrosine binding; PH, pleckstrin

homology; SH3, Src homology 3.

1 (21), recognize p(S/T)P motifs (76). Group II and III WW
domains can be rather versatile in their binding properties,
since they not only recognize both PPLP- and PR-containing
peptides (with varied affinities) but also polyproline stretches
often containing glycine, methionine, or arginine (29, 39, 40,
54), and therefore could be viewed as a single set.

A number of groups have identified WW domain-binding
proteins through screening cDNA expression libraries and
yeast two-hybrid analysis (2, 14, 18, 36, 53). These studies,
coupled with probing of peptide libraries, have suggested that
consensus sequences are recognized by individual WW do-
mains (29, 54). To obtain a more comprehensive view of the
functions of WW domain-containing proteins, as well as the
ability of individual WW domains to recognize cellular pro-
teins, we have used tandem mass spectrometry (MS) to identify
human polypeptides that associate with a range of WW do-
mains. This approach has several advantages. (i) It is not bi-
ased towards previously determined peptide ligands and pro-
vides orthogonal results regarding WW domain-binding
properties that can be overlaid on peptide-binding data. (ii) It
allows the identification of proteins that interact indirectly with
WW domains, providing new information regarding the cellu-
lar complexes and machinery engaged by WW domains. (iii) It

facilitates the identification of phosphorylated ligands for
group IV WW domains.

Here, we identify 148 T-cell proteins that selectively associ-
ate with 10 human WW domains. Interestingly, hierarchical
clustering of this data set organized the WW domains into
three groups on the basis of their protein-binding properties,
which correlates with the presence of specific proline-rich or
phosphorylated peptide motifs in these associated proteins.
The screen identified novel, direct, and biologically relevant
binding partners for WW domain-containing proteins, as well
as associated proteins that bind WW domains indirectly as
components of multiprotein complexes. Finally, we show that
WW domains from the same protein or protein families can
have distinct binding preferences and that individual proteins
can potentially serve as scaffolds to recruit multiple WW do-
mains of different classes to distinct binding sites. These results
argue that the reiterated use of a small interaction domain can
yield a versatile network of protein interactions that influences
many facets of cellular behavior.

MATERIALS AND METHODS

Antibodies and cDNAs. The polyclonal antisera to AIP4 (74) and p68 and p25
antisera (60) have been previously described. Antibodies were purchased as



7094 INGHAM ET AL.

follows: anti-Diaphanous 1 polyclonal antisera (ImmunoGlobe, Himmelstadt,
Germany); anti-FLAG M2 monoclonal antibody (MAb) (Sigma, St. Louis, MO);
anti-Myc 9E10 MADb, antibody to the large subunit of RNA polymerase II
(anti-RNA Pol II LS), antihemagglutinin (anti-HA), and anti-EWSR1 (anti-
EWS) polyclonal antisera (Santa Cruz, Santa Cruz, CA); anti-CA150 polyclonal
antisera (Abcam, Cambridge, MA); and anti-Pinl polyclonal antisera (Upstate
Biotechnology, Inc., Upstate, NY). The HA-tagged ubiquitin construct was a gift
from Ivan Dikic (Goethe University Medical School, Frankfurt, Germany). The
doubly Myc-tagged AIP4 constructs were generated by PCR of our previously
published constructs (74) with the amino terminus of the published AIP4 se-
quence (31) replacing the amino-terminal Itch portion of the fusion used in our
earlier study. These constructs were cloned into the pCDNA3.1A expression
vector (Invitrogen, San Diego, CA). The Flag-tagged p68 (Flag-p68) and
KIAAO0144 and the corresponding tyrosine-to-alanine (Y/A) mutation in the PY
motif, were generated by PCR and cloned into the pCMVFlac eukaryotic ex-
pression vector (Sigma). All PCR products were sequence verified. Production of
the His-tagged, recombinant pre-mRNA cleavage and polyadenylation factor Im
(CFIm) p68 and p25 has been previously described (16).

Construction of glutathione S-transferase (GST) fusion proteins. Oligonucle-
otides for the WW domains including four or five amino acids N and C terminal
to the conserved tryptophan residues of each of the WW domains (see Table S1
in the supplemental material) were purchased from Sigma. Complementary
oligonucleotides (approximately 2 mM of each) were annealed and cloned into
BamHI/EcoRI-cut pGEXKT (Amersham Biosciences AB, Uppsala, Sweden).
All constructs were sequence verified. The AIP4 WW domain fusion proteins
have been previously described (74).

Purification of GST fusion proteins. GST fusion proteins were purified from
BL21 Escherichia coli bacterial lysate with glutathione-Sepharose beads (Amer-
sham). Fusion protein-containing beads were stored at 4°C as a 10% slurry in
phosphate-buffered saline containing 0.02% NaN,. Fusion protein used for
SPOTS blotting was eluted from the beads with 50 mM Tris base and 25 mM
glutathione (Sigma), and the eluates were dialyzed overnight at 4°C in phos-
phate-buffered saline.

Cell culture. Jurkat cell pellets were purchased from the National Cell Culture
Center (Minneapolis, MN) where cells were grown in RPMI 1640 medium
supplemented with 0.1 mM sodium pyruvate and 10% normal calf serum. 293T
cells were grown in Dulbecco modified Eagle medium (Gibco BRL, Cambridge,
Ontario, Canada) supplemented with 10% fetal calf serum (Gibco BRL).

GST-WW domain pulldowns for MS analysis. Jurkat cells were resuspended in
1% NP-40 lysis buffer supplemented with 1 mM NaVO,, 1 mM phenylmethyl-
sulfonyl fluoride, 10 wg/ml leupeptin, and 10 pg/ml aprotinin at 1.0 X 10® cells/ml
and incubated on a nutator in the cold for 30 min. Detergent-insoluble material
was removed by centrifugation at ~50,000 X g for 30 min at 4°C. One milliliter
of lysate (1.0 X 10® cell equivalents) was then added to 80 pg of GST fusion
protein precoupled to glutathione-Sepharose beads and allowed to incubate for
6 h on a nutator at 4°C. The beads were washed four times with 1% NP-40 lysis
buffer with inhibitors, and proteins were removed from the beads by boiling in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer.

Running and staining of SDS-PAGs. Samples were run on 10% SDS-PAGs
and washed a minimum of three times for 10 min each time with distilled,
deionized water before being stained with GelCode colloidal Coomassie blue
reagent (MJS BioLynx, Inc., Brockville, Ontario, Canada) overnight at room
temperature. Gels were destained the next day with distilled, deionized water.

Excision of bands for MS. Individual bands were excised using an Investigator
ProPic Gel Cutting Robotic workstation (Genomic Solutions, Ann Arbor, MI)
and delivered to a single well of a 96-well microtiter plate with prepunched holes
at the bottom of each well (Genomic Solutions).

Reduction, alkylation, and tryptic digestion of samples. The PCR microtiter
plate was transferred to a Genomic Solutions ProGest Digestion robot for
“in-gel” trypsin digestion where protein bands were washed, reduced with di-
thiothreitol, alkylated with iodoacetamide, before being digested with sequence-
grade, modified trypsin (Promega, Madison, WI) as previously described (28).
Tryptic peptides were then extracted from the gel for analysis by MS.

Liquid chromatography-MS (LC-MS). Tryptic peptides were analyzed by lig-
uid chromatography-tandem MS (LC-MS/MS) using two systems. The first was
an Ultimate high-performance liquid chromatography system equipped with a
FAMOS 96-well autosampler (LC Packings-Dionex, Sunnyvale, CA) linked to a
Q-TRAP mass spectrometer (MDS Sciex, Concord, Ontario, Canada). The sec-
ond was an HP 1100 high-performance liquid chromatography system (Palo Alto,
CA) connected to an LCQ-Deca mass spectrometer (Thermo Electron, San Jose,
CA). Peptides were separated on custom-made 75-wm-inner-diameter PicoTip
columns packed with 5-pm C-18 beads. The gradient was 3 to 60% of acetonitrile
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during 25 min with a total run time of 45 min. Data were analyzed in batch using
the Mascot search engine (57), and proteins were considered “hits” if two
independent peptides or a single peptide with a Mascot score of 50 or higher was
found. Protein hits were converted to gene identifiers (GenelDs) for further
analysis. Any “hit” that was not seen in two of three independent experiments or
was seen binding to GST alone was eliminated. Also excluded were all actins,
myosins, keratins, spectrins, and heat shock proteins. The cellular process for
each “hit” was assigned on the basis of published work and GeneOntology
information provided by the Gene Ontology Consortium (10). For the identifi-
cation of phosphopeptides, the data were analyzed using the Spectrum Mill
software (Agilent Technologies, Palo Alto, CA). The validity of phosphorylation
sites was manually verified by examination of the MS/MS fragmentation spectra.

Transfection of 293T cells, GST pulldowns, and immunoprecipitation exper-
iments. 293T cells were transfected in 10-cm plates using CaPO, as previously
described (42). Transfected cells were lysed in 1 ml 1% NP-40 lysis buffer
supplemented with inhibitors (see above) for 10 min on ice. Detergent-insoluble
material was removed by spinning at ~18,000 X g in a microcentrifuge, and the
concentration of the cleared lysate was determined by bicinchoninic acid assay
(Pierce, Rockford, IL). An equivalent amount of cleared lysate was incubated
with 2 pg of the indicated antibodies and either protein A or G-Sepharose or
anti-mouse immunoglobulin G-agarose for 1 h on a rocker at 4°C. For GST
fusion protein experiments, equivalent amounts of lysate were incubated for 1 h
on a rocker at 4°C with ~8 ug of GST fusion protein preabsorbed on glutathi-
one-Sepharose beads. Immunoprecipitates and GST pulldowns were then
washed three times with 1% NP-40 lysis buffer with inhibitors, and bound pro-
teins were eluted by boiling in SDS-PAGE sample buffer.

Western blotting. Cell lysate, immunoprecipitations, and GST pulldowns were
separated on SDS-PAGs, transferred to Polyscreen polyvinylidene fluoride
(PVDF) membranes (Perkin-Elmer), and blocked for 1 h in Tris-buffered saline
containing 0.5% Tween 20 (TBST) supplemented with 5% skim milk powder.
Membranes were probed with the indicated antibodies (1 pg/ml in TBST) as
previously described (34), and proteins were visualized using enhanced chemi-
luminescence reagent. Blots were stripped by incubating the membrane for 1 h
in TBST, pH 2, and reprobed as described above.

Hierarchical clustering. Pearson correlation coefficients were computed to
reflect the similarities between the different WW domains with respect to the
proteins they precipitated and vice versa. The x and y axes were hierarchically
clustered independently using an average linkage method, and the matrix was
reorganized to reflect the hierarchically clustered ordering (17). The tree shows
the relatedness between items based on the clustering, with items closer together
being more related (65).

Ubiquitylation experiments. For ubiquitylation experiments, transfected cells
were treated for 1 h with 50 M of the proteasome inhibitor MG132 (BACHEM,
King of Prussia, PA) prior to lysis. Cells were lysed and lysates processed as
indicated above with the exception that 50 uM MG132 and 20 mM N-ethylma-
leimide (Sigma) were added to the lysis buffer.

Synthesis and blotting of SPOTS membranes. SPOTS blots (23) were synthe-
sized, using standard 9-fluorenylmethoxycarbonyl (Fmoc) chemistry, in 30 X 20
spot arrays using a Multipep peptide synthesizer adapted for SPOTS synthesis
(Intavis AG, Cologne, Germany). Membranes were blocked for at least 1 h in
TBST with 5% skim milk powder before being probed overnight with the indi-
cated GST fusion protein (1 uM in TBST) in the cold. The following day, blots
were washed three times for 10 min each time in TBST, incubated with a
horseradish peroxidase-conjugated, anti-GST MAb (B14) (Santa Cruz) for 45
min at room temperature, and then washed with TBST three more times for 10
min each time before visualizing SPOTS by exposing the membranes to en-
hanced chemiluminescence reagent.

RESULTS

Cluster analysis groups WW domains according to their
binding partners. To identify cellular proteins that interact
with individual WW domains, we constructed GST fusion pro-
teins of 15 WW domains from 13 proteins containing WW
domains (Fig. 1). This set includes WW domains that have
different binding preferences for peptide ligands and are de-
rived from proteins with diverse molecular functions. Distinct
WW domains from the same protein (FBP21 or CA150) and
from proteins with similar domain organizations (i.e., NEDD4-
1/ATP4/Smurfl and CA150/FBP11) were also part of the test
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FIG. 2. Purification of WW domain-binding proteins. Proteins
were precipitated from Jurkat cell lysate with the indicated fusion
proteins as outlined in Materials and Methods. Precipitated proteins
were separated on SDS-PAGs, and gels were stained with colloidal
Coomassie blue to visualize proteins. One representative gel is shown
here. The positions of molecular mass markers (in kilodaltons) are
indicated to the left. The positions of bait proteins are indicated by
arrows.

set. Fusion proteins were expressed in bacteria, purified, and
used to precipitate proteins from Jurkat T-cell lysates as de-
scribed in Materials and Methods. A representative gel stained
with colloidal Coomassie blue shows that the GST-WW do-
main fusion proteins can precipitate proteins from Jurkat cell
lysates not seen with GST alone (Fig. 2). Ten of the tested WW
domains associated with specific proteins and showed distinct
binding profiles (Fig. 2), whereas five (Smurfl WW1, CA150
WW1, PQBP1, PLEKHAS, and KIAA1052) did not bind spe-
cific proteins in this assay (data not shown), potentially because
they require additional sequences either to fold into functional
modules or to recognize ligands (15, 29, 30, 50, 54). Proteins
that were precipitated by the 10 WW domains were then ex-
cised from the relevant gel and analyzed by LC-MS/MS. Pre-
cipitations with each GST-WW domain were repeated three
times, and only proteins identified in two of three independent
experiments with a minimum score of confidence (see Mate-
rials and Methods) were included for subsequent analysis. Us-
ing these criteria, a total of 148 proteins were identified as
being precipitated by one or more of the 10 WW domains but
not by GST alone (see Table S2 in the supplemental material).
The majority of these proteins represent novel WW domain-
associated proteins and are involved in processes such as tran-
scription, RNA processing, and regulation of the cytoskeleton.

In order to compare the binding properties of the different
WW domains, we employed hierarchical clustering to group
the WW domains on the basis of the similarity of the proteins
they recognized. This clustering separated the WW domains
into three classes (Fig. 3). One cluster (group A [shown in
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yellow]) includes the NEDD4-1 WW2, AIP4 WW2, and
WWOX WW1 domains. A second group comprises the FE65
WW, Gas7 WW, FBP21 WW2, FBP11 WW1 and WW2, and
CA150 WW2 domains (group B [shown in red]). The WW
domain of Pinl clustered independently of the other WW
domains and thus forms its own group (group C [shown in
green]). Thus, despite the fact that these WW domain com-
plexes may contain both direct and indirect interaction part-
ners, data based exclusively on the analysis of full-length pro-
teins isolated by WW domains identified three groups of
domains, raising the possibility that these might correspond to
groups previously distinguished by their selectivity for short
peptide motifs.

Clusters of WW domain ligands are enriched for specific
WW domain-binding motifs. WW domains bind a number of
proline-based peptide ligands including PY, PPLP, PR, and
p(S/T)P motifs as well as polyproline stretches (2, 3, 14, 18, 29,
39, 40, 49, 54, 76). Therefore, we examined whether PPXY,
PPLP, and PPPPP motifs are present in the WW-binding pro-
teins from Jurkat cells (Fig. 4). Since a clear consensus se-
quence does not exist for PR peptide ligands, we searched for
the PPRXP and PXPPXR motifs described by Otte et al. (54).
Analysis of over 24,000 reference proteins with unique
GenelDs showed that only 13% of these polypeptides con-
tained at least one such motif. In contrast, over 50% of the
proteins isolated in association with the analyzed WW domains
possess at least one of these peptide sequences, with the ex-
ception of Pinl WW domain-binding proteins. Furthermore,
WW domains assigned to group A by hierarchical clustering
were enriched for precipitated proteins with PPXY motifs,
while group B WW domains preferentially precipitated pro-
teins containing PPLP, PPPPP, and PXPPXR motifs (Fig. 4).
This relationship is highlighted by superimposing the presence
of these motifs on the clustered data of Fig. 3 (see Fig. S1 in
the supplemental material).

The majority of the proteins precipitated by the WW domain
of Pinl lacked these proline-rich motifs, and there was no
enrichment for any specific proline-rich sequence (Fig. 4; see
Fig. S1 in the supplemental material). This is consistent with
the ability of this domain to recognize p(S/T)P ligands. We
therefore examined the MS data for tryptic peptides containing
phosphorylated serine or threonine and compared Pinl phos-
phorylation data with results obtained for representatives of
group A (NEDD4-1 WW2) and group B (FBP11 WW2) WW
domains (Fig. SA). Twenty-two distinct serine/threonine phos-
phorylation sites were found in 7 of the 45 proteins precipi-
tated by the Pin1 WW domain (Fig. 5C), and the majority of
these phosphorylation sites conform to the Pinl consensus,
p(S/T)P. A single phosphorylation site from one protein was
identified in the NEDD4-1 WW?2 pulldowns, while two phos-
phorylation sites were identified for the single phosphoprotein
precipitated by the FBP11 WW?2 (Fig. 5C). While this analysis
is not comprehensive, the GST-Pinl WW domain pulldowns
appear to be enriched for phosphorylated-serine/threonine
peptides which fit the consensus for Pinl WW domain binding.

Taken together, these results indicate that the binding prop-
erties of individual WW domains for full-length cellular pro-
teins can be integrated with their selective recognition of pep-
tide ligands to provide a more comprehensive view of their
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FIG. 4. Examination of precipitated proteins for known proline-based WW domain-binding motifs. The proteins precipitated with each of the
GST-WW pulldowns were analyzed for the presence of the indicated proline-containing motifs. Note that the pie charts do not equal 100%, since
individual proteins can have more than one motif. The number of proteins precipitated by each WW domain and the percentage of proteins with
at least one of the proline-rich motifs are indicated below the corresponding pie charts. The ~24,000 reference proteins with unique GenelDs were
downloaded from the National Center for Biotechnology Information database and searched locally for the indicated motifs.

physiological interactions. This approach may be of general
utility in exploring the functions of interaction domains.

Domain-based screen identifies novel, physiologically rele-
vant WW domain-associated proteins. Several of the proteins
identified as binding to specific WW domains have been pre-
viously shown to coimmunoprecipitate with the corresponding
WW domain-containing protein. For example, transfected
FEG65 coprecipitates with endogenous Mena from Cos-7 cells
(18), and CA150 coprecipitates with the SF1 splicing factor
through its second WW domain (45). We identified both of
these interactions in our screen (ENAH [GenelD 55740] and
SF1 [GenelD 7536]). In addition, NEDD4-1 and its yeast or-
thologue, Rsp5p, directly interact with the RNA Pol IT LS (12)
and induce its ubiquitylation in response to UV-induced DNA
damage (1). We found RNA Pol II LS in association with
NEDD4-1 WW2 and also with WW domains from AIP4 and
WWOX (POL2RA, GenelD 5430).

However, the majority of the proteins we identified have not
been previously shown to interact with the relevant WW do-
main-containing proteins. Therefore, we assessed whether se-
lected proteins identified as binding isolated WW domains in
vitro could associate with the cognate full-length proteins in
cells (Fig. 6A). In a fashion similar to that of NEDD4-1, en-
dogenous AIP4 coimmunoprecipitated with the RNA Pol II
LS. More interestingly, we tested whether AIP4 associates in
vivo with the p68 subunit of CFIm (p68) (CPSF6, GenelD
11052), which precipitated with the AIP4 WW2 domain in
vitro. The CFIm complex is involved in the earliest events of
pre-mRNA cleavage prior to the addition of the poly(A) tail
(59, 60) and is formed through the heterodimerization of
p68 with a p25 subunit (CPSF5, GenelD 11051) which was
also precipitated with the AIP4 WW2 domain (Fig. 3). In-
deed, the p68 subunit of CFIm coprecipitated with AIP4
from Jurkat T-cell lysate. We also found that CA150, which

FIG. 3. Hierarchical clustering of WW domains with precipitated proteins. The GST-WW domains (abscissa) and precipitated proteins
(ordinate) were hierarchically clustered as outlined in Materials and Methods. The tree at the top indicates the relatedness of the WW domains
with respect to precipitated proteins. This clustering distinguishes three groups of WW domains: group A (AIP4 WW2, NEDD4-1 WW2, and
WWOX WW1) in yellow, group B (FBP11 WW1 and WW2, FBP21 WW2, FE65 WW, CA150 WW2, and Gas7 WW) in red, and group C (Pinl
WW) in green. The color of the precipitated protein indicates cellular function and is shown to the right.
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FIG. 5. Analysis of GST-WW domain pulldowns for phosphopeptides. (A) The MS data from the GST-Pin1 WW, NEDD4-1 WW2, and FBP11
WW?2 pulldowns were analyzed for the presence of phosphopeptides as described in Materials and Methods. Identified phosphopeptides and their
host proteins are indicated. Definitively phosphorylated residues are indicated in red, and possible phosphorylation sites where the identification
was ambiguous are indicated in green. A lowercase “m” denotes an oxidized methionine, while a lowercase “q” denotes a pyroglutamine residue.
Amino acids in parentheses are residues N and C terminal to the peptide in the protein sequence. Peptides indicated by an asterisk are doubly
phosphorylated. (B) The MS/MS spectra for the THRAP3 phosphopeptide is shown. Note that only b (blue), y (red), and parental ion minus
phosphoric acid (Py,,.,, — H;PO,) or minus phosphoric acid and water (Py,,., — H;PO,-H,0) (green) are indicated. The number associated with
each ion is the mass/charge ratio (m/z) of that ion. (C) Statistics showing the number of phosphorylation sites, number of phosphorylated proteins,
and number of phosphorylated proteins as a percentage of total proteins precipitated with each WW domain (from Fig. 3).

has been reported to regulate transcription and splicing (25, has also been shown to be present in the nucleus in NIH 3T3
45, 63, 69) and to bind the Huntingtin protein (27), copre- cells (70).
cipitated with Diaphanous 1 (DIAPH1, GenelD 1729) (Fig. We next tested whether these in vivo interactions are indeed

6A), a protein with links to the cytoskeleton (73), but which WW domain dependent. Figure 6B shows that Myc-tagged
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FIG. 6. Identified proteins are direct, in vivo, binding partners. (A) Proteins were precipitated from 293T cell lysate (anti-RNA Pol II LS
immunoprecipitate [ippt]) or Jurkat cell lysate (anti-p68 ippts) with the indicated antibodies, separated on SDS-PAGs, transferred to PVDF
membranes, and blotted with antiserum against AIP4 or Diaphanous 1 (top blots). Blots were stripped and reprobed with the indicated antibodies
(bottom blots). (B) 293T cells were transfected with cDNAs coding for a doubly Myc-tagged AIP4 (Myc-AIP4), enzymatically inactive AIP4 mutant
(Myc-C830A AIP4), an AIP4 construct lacking the entire C2 domain (Myc-AC2 AIP4), or a construct in which the second tryptophan (tyrosine
in the case of the fourth WW domain) residue in each WW domain had been mutated to alanine (Myc-WW_, . AIP4). Cell lysates were
immunoprecipitated with the anti-Myc MAb 9E10, and immunoprecipitates were separated on SDS-PAGs, transferred to PVDF membranes, and
blotted for the large subunit of RNA polymerase II (anti-RNA Pol II LS) or the p68 and p25 subunits of CFIm (anti-p68 and anti-p25). The blots
were stripped and reprobed with the 9E10 anti-Myc MAD (bottom blots). Cell lysates are included to show that the levels of RNA Pol II LS, p68,
and p25 are equivalent in each of the lysates. Note that the dot in the top blot of the Myc-WW . AIP4 pulldown is an artifact. (C) Baculovirus-
expressed, purified recombinant His-tagged p68 or p25 protein was incubated with GST alone or a GST fusion protein of the first WW domain
of AIP4 (GST-AIP4 WW1). GST precipitates were separated on SDS-PAGs, transferred to nitrocellulose, and blotted with either anti-p68
antiserum (top blot) or anti-p25 antiserum (bottom blot). The positions of molecular mass markers (in kilodaltons) are indicated to the left. The
positions of p68 and p25 proteins are indicated by the arrows. The asterisk in the top blot indicates a p68 degradation product, while the asterisk
in the bottom blot indicates the GST-AIP4 WW!1 fusion protein. The input is one/fifth of the material used for the pulldown experiment. (D) 293T
cells were transfected as indicated with cDNAs coding for a doubly Myc-tagged AIP4 (Myc-AIP4), Flag-tagged p68 protein (FLAG-p68), or
Flag-tagged p68 protein in which the tyrosine residue in the PY motif had been mutated to alanine (FLAG-p68 Y/A). Cell lysates were
immunoprecipitated with the anti-FLAG M2 MAb, and immunoprecipitates were separated on SDS-PAGs, transferred to PVDF membranes, and
blotted with the anti-Myc MADb (top blot). The blot was stripped and reprobed with the anti-Flag M2 MADb (middle blot). Cell lysate is included
to show that equivalent amounts of Myc-tagged AIP4 were expressed in the appropriate transfections (bottom blot). (E) 293T cells were
transfected as indicated with cDNAs coding for a Flag-tagged p68 protein (FLAG-p68), a doubly Myc-tagged AIP4 (Myc-AIP4), an enzymatically
inactive AIP4 mutant (Myc-C830A AIP4), or an HA-tagged ubiquitin (HA-Ub) construct. Cell lysates were immunoprecipitated with the
anti-FLAG M2 MADb, and immunoprecipitates were separated on SDS-PAGs, transferred to PVDF membranes, and blotted with an anti-HA
antiserum (top blot). The blot was stripped and reprobed with the anti-Myc 9E10 MAb (middle blot). Cell lysate is included to show that equivalent
amounts of FLAG protein were expressed in the appropriate transfections (bottom blot). The positions of ubiquitylated p68 proteins are indicated
by arrows. The positions of molecular mass standards (in kilodaltons) are indicated to the left.

AIP4 coprecipitates with the RNA Pol II LS and the p68 and
p25 subunits of CFIm from 293T cell lysate. Similar results
were obtained with Myc-tagged AIP4 variants lacking the en-
tire C2 domain (AC2) or rendered enzymatically inactive by
substitution of a critical catalytic cysteine within the HECT

domain (C830A). However, collectively inactivating the four
WW domains in AIP4 by mutating the second conserved tryp-
tophan residue in each case (tyrosine in the case of the fourth
WW domain) (13, 50) abolished AIP4 interaction with all three
of these binding partners (Fig. 6B).
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While these coprecipitation experiments identify proteins
that associate with AIP4 in cells, they do not prove that these
interactions are direct. To explore this point, we tested
whether baculovirus-expressed, purified, recombinant His-
tagged p68 and p25 subunits of CFIm could be precipitated
with a GST fusion protein containing the first WW domain of
ATIP4. Although both the p68 and p25 subunits possess a single
PY motif and therefore could potentially directly interact with
AIP4, only the purified p68 protein on its own precipitated
with GST-AIP4 WW1, whereas p25 did not (Fig. 6C). How-
ever, the p25 subunit was precipitated with the GST-AIP4
WWT1 fusion protein when coincubated with the p68 subunit,
likely through heterodimerizing with the p68 protein.

To test whether the single PY motif of p68 is required for its
WW domain-dependent interaction with AIP4, we coex-
pressed Myc-tagged AIP4 in 293T cells with either Flag-p68 or
Flag-p68 Y/A, which contains a mutation that disrupts WW
domain binding (14, 74). Unlike wild-type Flag-p68, the Flag-
p68 Y/A protein did not coprecipitate the Myc-tagged AIP4
(Fig. 6D), indicating that the interaction between AIP4 and
p68 depends on both the AIP4 WW domains and the p68 PY
motif.

Since AIP4 is an E3 protein-ubiquitin ligase, we examined
whether the interaction between p68 and AIP4 might promote
p68 ubiquitylation. Figure 6E shows that when Flag-tagged p68
is coexpressed with an HA-tagged ubiquitin construct in 293T
cells, the HA-tagged ubiquitin is incorporated into p68, form-
ing a characteristic ubiquitin ladder. Moreover, the further
expression of Myc-tagged AIP4, but not the enzymatically in-
active C830A mutant, strongly enhanced p68 ubiquitylation.
Taken together, these data suggest that proteins identified in
this domain-based screen can serve as direct physiological
binding partners for WW domain-containing polypeptides.
Furthermore, the screen can identify a protein such as the p25
subunit of CFIm, which is recruited into a complex with a WW
domain protein through an indirect association. In addition,
complexes such as CFIm/AIP4 identified in the WW domain
screen can be functional in vivo, as indicated by the AIP4-
mediated ubiquitylation of p68.

WW domain screen isolates multiprotein complexes in-
volved in transcription, splicing, chromatin remodeling, and
cytoskeletal organization. The data for CFIm suggest that the
WW domains can bind proteins that are themselves compo-
nents of stable multiprotein complexes. In fact, analysis of the
WW domain-binding proteins identified by LC-MS/MS sug-
gests that several such complexes are recruited to WW do-
mains. For instance, several studies have shown that the WW
domains of NEDD4 family proteins bind the RNA Pol II LS
(POLR2A) (1, 12). Indeed, we found the RNA Pol II LS
associated with the AIP4 WW2, NEDD4 WW2, and WWOX
WW1 domains. Moreover, we identified additional RNA Pol II
subunits, as well as proteins reported to bind RNA Pol II
subunits (RNA polymerase II, subunit 5-mediating protein
[C190rf2] [GenelD 8725]) (Fig. 7A). These data argue that the
WW domain pulldowns precipitate larger transcriptional com-
plexes. Additionally, we identified proteins of the ENA/VASP
family (ENAH [Mena], VASP, and EVL) in pulldowns with
the FE65 WW domain and other group B (II/III) WW do-
mains (Fig. 7B). The FE65 WW domain reportedly binds a
PPLP motif in Mena (18) and EVL (44), and the related VASP
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protein also has this motif. Collectively, these proteins control
cell motility through regulation of the actin cytoskeleton (61).
The ENA/VASP proteins associate with WASP/WAVE family
proteins (11), which also regulate the actin cytoskeleton
through the Arp2/3 complex, and we found several family
members (WAS [WASP], WASL [N-WASP], and WASF2
[WAVE2]) in group B (II/III) WW domain pulldowns (Fig. 7B
and Fig. 3) (5). These proteins can recruit additional polypep-
tides, such as WASPIP (WIP), WIRE, ABI1, and CYFIP1/2,
which were also identified in the group B (II/III) WW domain
precipitations. It will be of interest to determine how WW
domain interactions may regulate this actin polymerizing com-
plex; in one instance, a WW domain protein, FBP11, has been
shown to interfere with N-WASP function by sequestering it in
the nucleus (52).

Other cellular complexes were also seen in WW domain
pulldowns. We purified components that make up the U2
splicing complex (SF3Al, -2, and -3 and SF3Bl, -2, -3, and -4)
with group B (II/II) WW domains, subunits of the chapero-
nin-containing t-complex polypeptide 1 (CCT) that facilitate
the folding of actin, tubulin, and other cytosolic proteins
(CCT2, CCT4, CCT7) (71) with FBP11 WW2 and several
components of the chromatin remodeling SWI/SNF complex
(ARID1A, SMARCCI, SMARCC2, and SMARCE1) with the
AIP4 WW?2 domain. These results are consistent with the no-
tion that WW domain proteins interact with larger multipro-
tein complexes involved in multiple facets of cellular regula-
tion.

Specificity within the WW domains of AIP4 and between the
related WW domains of AIP4 and NEDD4-1. In the MS-based
analysis, we used the second WW domain of AIP4 to precip-
itate proteins from Jurkat cell lysate. However, AIP4 possesses
four WW domains, which may differ in their ability to bind
ligands (22, 26, 47, 64). Therefore, we investigated whether
proteins identified by MS as precipitating with the second WW
domain could also bind to the other WW domains of AIP4.
Figure 8A shows that the RNA Pol IT LS and the p68 and p25
subunits of CFIm were precipitated by each of four WW do-
mains, whereas EWS (EWSR1, GenelD 2130), a protein with
an RNA recognition motif that is frequently rearranged with
Ets family transcription factors in cancers such as Ewing’s
sarcoma (41), was specifically precipitated by AIP4 WW2. Sim-
ilarly, a Flag-tagged KIAAQ144 protein (UBAP2L, GenelD
9898), a protein of unknown function with a ubiquitin-associ-
ated domain, was selectively precipitated by the first and sec-
ond WW domains. Thus, the isolated domains of tandem WW
domain arrays can show both common and selective binding,
suggesting that the tandem WW domains of AIP4 may act
synergistically to bind common partners or alternatively may
act as a scaffold to recruit specific proteins to individual WW
domains.

Many of the proteins precipitated by the second WW do-
mains of AIP4 and NEDD4-1 possess at least one PY motif
(Fig. 8B and Fig. 4). While many of these proteins were pre-
cipitated by WW domains from both proteins, several were
selectively precipitated by only one of the WW domains (e.g.,
UBAP2L [KIAA0144] and EWSR1 [EWS]). Direct analysis by
immunoblotting of proteins isolated from various amounts of
293T cell lysate showed that the second WW domains of
NEDD4-1 and AIP4 were equivalent in their abilities to pre-
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FIG. 7. Protein complexes precipitated by GST-WW domains. (A) The transcriptional complex precipitated by the AIP4 WW2 domain is
shown. The WW domain is indicated in yellow, direct WW domain-binding proteins in red, and likely indirectly precipitating proteins in green.
Gene symbols and common names (in parentheses) are provided. Black lines indicate a direct physical interaction, while gray lines indicate a
physical association, but not necessarily direct. (B) Actin cytoskeleton-regulating complex precipitated by the FE65 WW domain (as well as other
group B [II/III] WW domains) is shown and labeled as described above for panel A. Although not found in the FE65 pulldowns, NAP1 (NCKAP1)
was included (in blue) as it has been shown to bridge ABI1 with CYFIP1/2 (24, 35) and was found in association with other group B (II/III) WW
domains (Fig. 3). Note that this model represents one possible cytoskeleton-regulating complex based on published work. Since the WASP proteins
(WAS and WASL), WIPIP, WIRE, WASF2, and ABI1 are extremely proline rich and contain motifs that are predicted to interact with group B

WW domains, they may interact directly with group B WW domains.

cipitate the p68 subunit of CFIm, whereas the KIAA(0144 and
EWS proteins were preferentially precipitated by the AIP4
WW?2 domain (Fig. 8C). This preferential binding of EWS and
KIAAO0144 likely explains why the EWS and KIAA(144 pro-
teins were not identified as NEDD4-1 WW2-binding proteins
by MS (Fig. 3; see Table S2 in the supplemental material).
To confirm that binding of the AIP4 and NEDD4-1 WW
domains to the KIAA(0144 protein was through the PY motif in
KIAAO0144, we mutated the tyrosine residue in the PY motif.
Figure 8D shows this substitution greatly decreased KIAA0144
precipitation by both the AIP4 and NEDD4-1 WW2 domains.
The mutation did not completely abolish binding and had a
more severe effect on precipitation by the NEDD4-1 WW2
domain than AIP4 WW?2 (Fig. 8D). To probe whether the PY
motif is the main site of interaction for the WW domains of
AIP4 and NEDD4-1 and determine whether there may be

additional binding sites, as suggested by the PY mutants, we
generated an array of overlapping peptides corresponding to
the entire sequence of KIAA0144 and determined which pep-
tides were recognized by GST-AIP4 WW2 and GST-NEDD4-1
WW?2 fusion proteins. A representative array (Fig. 8E) shows
that three peptides were reproducibly and specifically recog-
nized by GST-AIP4 WW2 and GST-NEDD4-1 WW2 (two
strongly and one weakly, indicated in red) but not GST alone.
The two strong-intensity spots (spots 1 and 2) include the PY
motif, while the weak-intensity spot (spot 3) contains an LPXY
motif, a motif that has been shown to bind the WW domains of
NEDD4 family proteins (13, 62). Taken together, these data
show that recognition of KIAA0144 by the second WW do-
mains of AIP4 and NEDD4-1 is largely dependent on the
KIAAO0144 PY motif and that individual group A (I) WW
domains show preference for specific PY motifs.
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FIG. 8. Specificity of binding between the different WW domains of AIP4 and the second WW domains of AIP4 and NEDD4-1. (A) 293T cells
were transfected with a cDNA coding for a Flag-tagged KIAA0144 protein (FLAG-KIAA(144 blot) or left untransfected (other blots). Cell lysates
were prepared, and an equivalent amount of lysate was precipitated with GST alone or with the indicated GST-AIP4 WW domain. Half of each
precipitate was separated on an SDS-PAG, transferred to a PVDF membrane, and blotted with the indicated antibody. The other half of the GST
pulldown was separated on an SDS-PAG and stained with Coomassie blue to show that equivalent amounts of GST fusion protein were used for
the pulldowns (bottom blot). Cell lysate is included to show the electrophoretic mobilities of the indicated proteins. (B) Osprey diagram (7)
showing the proteins identified by MS to precipitate with the second WW domains of NEDD4-1 and AIP4. Proteins with PY motifs are indicated
in red. Note that the large subunit of RNA polymerase 1I (POL2A) does not have a PY motif but does possess several copies of the YSPTSPS
heptamer sequence in its C-terminal domain (CTD), which has been shown to bind the WW domains of NEDD4 family proteins (12). (C) 293T
cells were transfected with a cDNA coding for a Flag-tagged KIAA0144 protein (FLAG-KIAA0144 blot) or left untransfected (other blots). Cell
lysates were prepared, and proteins were precipitated with the indicated GST fusion proteins from either 2 mg or 500 pg of cell lysate. Half of
each precipitate was separated on an SDS-PAG, transferred to a PVDF membrane, and blotted with the indicated antibody. The other half of the
GST pulldown was separated on an SDS-PAG and stained with Coomassie blue to show that equivalent amounts of GST fusion protein were used
for the pulldowns (bottom blot). Cell lysate (10 pg) was included to show the electrophoretic mobility of the immunoblotted protein and to give
an indication of the amount of protein precipitated by the GST fusion proteins. (D) 293T cells were transfected with a cDNA coding for a
Flag-tagged KIAA0144 protein (wild type [wt]) or a Flag-tagged KIAA0144 protein in which the tyrosine residue in the PY motif had been mutated
to alanine (Y/A). Cell lysates were prepared, and proteins were precipitated with the indicated fusion proteins from equivalent amounts of cell
lysate. Half of each precipitate was separated on an SDS-PAG, transferred to a PVDF membrane, and blotted with the anti-FLAG M2 MAD. The
other half of the GST pulldown was separated on an SDS-PAG and stained with Coomassie blue to show that equivalent amounts of GST fusion
protein were used for the pulldowns (bottom blot). Cell lysate was included to show the electrophoretic mobility of the FLAG-KIAA(144 protein.
(E) SPOTS membranes were prepared as outlined in Materials and Methods. Proteins (12-mers) comprising the entire coding sequence of
KIAAOQ144 were generated, with a moving window of four amino acids. SPOTS membranes were probed with 1 uM of either GST-AIP4 WW2,
GST-NEDD4-1 WW2, or GST alone. Spots specific to GST-AIP4 WW2 and NEDD4-1 WW?2 are numbered and indicated in red. The sequences
of these peptides (with the PY motif and LPXY motifs in red) are shown below the blots. Spots marked by an asterisk were recognized by GST
alone in other experiments.

An individual protein with distinct binding motifs for dif- the p68 protein of CFIm was precipitated by seven of the WW
ferent classes of WW domains. A few proteins identified in the domains analyzed (AIP4 WW2, NEDD4-1 WW2, WWOX
MS screen were precipitated by WW domains that typically WW, CA150 WW2, FBP21 WW2, and FBP11 WW2). This
recognize different classes of proline-rich ligands. For example, raised the question as to whether p68 possessed a single “ge-
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FIG. 9. Recognition of the p68 CFIm protein by multiple WW domains. (A) The coding sequence of the p68 protein is shown. The proline-rich
region used for the SPOTS blots in panel C is indicated in pink. The PY (red), PPPPP stretch (yellow), and three PPGPPP motifs (green) are also
indicated. The RNA recognition motif is underlined. (B) 293T cells were transfected with cDNAs coding for either a Flag-tagged p68 protein (wild
type [wt]) or a Flag-tagged p68 protein in which the tyrosine residue in the PY motif had been mutated to alanine (Y/A). Cell lysates were prepared,
and an equivalent amount of lysate was precipitated with GST alone or the indicated GST-WW domain fusion protein. Half of each precipitate
was separated on an SDS-PAG, transferred to a PVDF membrane, and blotted with the anti-FLAG M2 MAb. The other half of the GST pulldown
was separated on an SDS-PAG and stained with Coomassie blue to show that equivalent amounts of GST fusion protein were used for the
pulldowns (bottom blot). Cell lysate is included to show the electrophoretic mobilities of the indicated proteins; note that the p68 Y/A was
consistently expressed at higher levels than the wt protein. (C) Peptides (12-mers), with a moving window of five amino acids, were generated for
the proline-rich region of p68 (panel A, pink region), and SPOTS membranes were probed with 1 uM of GST alone or the indicated GST-WW
domain fusion protein. Peptides recognized by one group of WW domains over another are boxed and numbered, and the peptide sequences are
provided below the blots. In the boxed sequences, the PY (red), PPPPP (yellow), and PPGPPP (green) motifs in the peptides are highlighted.

neric” WW domain recognition motif, or alternatively, distinct
recognition motifs recognized by different classes of WW do-
mains. The sequence of p68 (Fig. 9A) shows that the C termi-
nus possesses numerous RS repeats, a characteristic of SR
proteins (9). The p68 protein is also extremely proline rich and
has a single PY motif, a PPPPP stretch, and three PPGPPP
motifs. Since the PY motif of p68 is required for association
with AIP4 (Fig. 6), we tested whether it is also important for
association with other WW domains that recognize p68. Mu-
tation of the p68 PY motif abolished binding to the WW
domains of WWOX and NEDD4-1. In contrast, the AIP4
WW?2 domain showed reduced but still significant binding to
the p68 Y/A mutant, while the FE65 WW domain and CA150
WW2 domains were equally able to precipitate wild-type p68
and the p68 Y/A mutant (Fig. 9B). To locate the recognition

motifs for these latter WW domains, we synthesized a peptide
SPOTS array corresponding to the proline-rich region of p68
(Fig. 9A, pink region) and probed this with GST-WW fusion
proteins (Fig. 9C). As expected, the NEDD4-1 WW2, WWOX
WW1, and AIP4 WW2 domains recognized two overlapping
peptides containing the PY motif (Fig. 9C, red box). The fact
that the AIP4 WW2 domain recognized no additional peptides
suggests that the binding of this WW domain to the p68 Y/A
mutant still involves the p68 PY motif (Fig. 9B). The FE65
WW domain and CA150 WW2 domain collectively bound a
distinct set of proline-rich peptides that were not recognized by
the NEDD4-1, WWOX, or AIP4 WW domain or GST alone
(Fig. 9C, blue, pink, and green boxes). These included peptides
comprising the PPPPP stretch and the three PPGPPP maotifs,
as well as several other peptides rich in proline and proline/
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arginine (Fig. 9C). These results illustrate the specificity of
group A (I) WW domains for PY motifs and show the more
promiscuous nature of the group B (II/III) WW domains.
Furthermore, the data suggest that WW domains may interact
with p68 at multiple sites, with specific classes of WW domains
recruited to separate sites. The p68 protein may therefore
exemplify a scaffold with the ability to recruit multiple classes
of WW domains and WW domain proteins through distinct
proline-rich sequences.

DISCUSSION

To explore the range of cellular processes and ligand-bind-
ing preferences exhibited by individual WW domains, we have
undertaken an MS-based screen to identify proteins from
Jurkat T cells that associate in vitro with GST-WW domain
fusion proteins taken from a broad range of WW-containing
proteins. We have used unsupervised hierarchical clustering to
group WW domains on the basis of their similarity of precip-
itated protein ligands in this assay. This approach yielded three
subsets of WW domains that cluster on the basis of the simi-
larities of their protein-binding partners. Many of these asso-
ciated proteins contain proline-rich sequences typical of pep-
tide ligands for WW domains. Indeed, we found that proteins
in one cluster (A) are enriched for PY motifs and are recog-
nized by WW domains with a known predilection for PY pep-
tides (i.e., group I WW domains). In a similar fashion, proteins
in a second cluster (B) possess PPLP and proline/arginine-
containing motifs, as well as polyproline stretches containing
glycine and methionine, and associate with WW domains pre-
viously classified as group II/III on the basis of their peptide-
binding properties. The final cluster (C) contains proteins that
are recognized by the Pinl WW domain (group IV); these
show no preference for the specific proline-rich motifs ana-
lyzed but are enriched in phosphorylated-Ser/Thr-Pro sites.
Although we have included the FBP21 WW2 in group II/III
(cluster B), it has a fair number of specific binding partners
(Fig. 3) and has previously been suggested to lie outside the
conventional WW domain groups (29). Hierarchical clustering
therefore reveals a striking relationship between the full-length
proteins recognized by a particular subset of WW domains in
cell lysates and the peptide-binding specificities of these do-
mains. This suggests that significant information regarding the
molecular recognition properties of interaction domains can
be inferred from proteomic-scale analysis of their protein-
binding partners. Furthermore, these data argue that the WW
domain-binding motifs identified by the analysis of synthetic
peptides are used extensively in the context of intact proteins
to determine binding specificity.

While some of the polypeptides precipitated by WW do-
mains in this analysis have been described as binding partners
for specific WW domain proteins in cells, most of these inter-
actions have not been previously identified. We therefore used
the p68/p25 subunits of the CFIm complex to address whether
a novel interaction detected in this in vitro screen might be
relevant in cells, whether it involves the anticipated recognition
of a specific proline-rich motif by one or more WW domains,
whether WW domains can recruit multiple components of a
larger protein complex, and whether such interactions are
functional in vivo. The p68 protein contains RS repeats and a
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RNA recognition motif, which together with p25 binds pre-
mRNA and aids in the recruitment of other 3’ processing
factors, such as cleavage and polyadenylation specificity factor
(16, 59, 60). Indeed, we have found that the AIP4 E3 protein-
ubiquitin ligase binds directly to the p68 CFIm subunit in a
fashion that requires functional AIP4 WW domains and a PY
motif in p68. Although p25 has a PY motif, it does not interact
directly with AIP4 WW domains but rather binds p68, which
acts as a bridge to AIP4. Furthermore, we identified an SR
protein, SFRS7 (9G8), which interacts with the RS domain of
p68 (16) in the NEDD4-1 WW?2 pulldowns (Fig. 3), providing
further support for the notion that WW domain pulldowns can
precipitate cellular complexes. From a functional point of view,
AIP4 stimulates the selective ubiquitylation of p68 (but not
p25) in cells. Ubiquitylation has many functions, including deg-
radation via the 26S proteasome, but can also positively and
negatively regulate molecular interactions independent of deg-
radation (37, 43). It will be of interest to explore whether
ubiquitylation of p68 may regulate its binding to RNA or its
ability to recruit other factors important for pre-mRNA cleav-
age.

Taken together, these data suggest that WW domains may
regulate an extensive network of protein-protein interactions
in vivo. Two additional points support this view. First, the WW
domains tested in this screen isolated a number of multiprotein
complexes with central functions in cellular regulation, includ-
ing assemblies involved in transcription, splicing, chromatin
remodeling, and actin polymerization. WW domain proteins
may therefore serve to bridge or regulate such cellular machin-
ery, for example in the coupling of transcription to splicing (25,
45, 63). In support of this notion, we have used peptide arrays
to show that the p68 CFIm subunit contains multiple proline-
rich sequences that are able to bind WW domains of different
classes in vitro. Thus, WW domains can potentially function to
establish networks of interactions, and this may be especially
true of proteins with tandem WW domains.

In this regard, the screen compared the second WW do-
mains of the related NEDD4 family E3 ubiquitin ligases
NEDDA4-1 and AIP4. While many similarities were seen in the
proteins precipitated by the second WW domains of AIP4 and
NEDDA4-1, there were some proteins specifically precipitated
with one WW domain (Fig. 8B). Further investigation of two
such selective proteins, KIAA0144 and EWS, confirmed that
these proteins were indeed precipitated much more efficiently
by the AIP4 WW2 domain than by NEDD4-1 WW2 (Fig. 8C).
Since humans have nine NEDD4 family proteins (33), an im-
portant question is whether these proteins are functionally
overlapping or whether they have specific targets. Our data,
although limited to one WW domain for both AIP4 and
NEDDA4-1, suggest that both these paradigms may apply, as
some proteins are recognized equivalently by the two domains,
while others are selective for one. Of interest, a chromosomal
inversion that disrupts the promoter of the ltch/AIP4 gene in
mice leads to a hyperactivation of cells of the immune system
and an autoimmune-like phenotype; this also suggests that
these proteins can have nonoverlapping biological functions
(58).

In conclusion, our experiments show that WW domains, and
by extension WW domain-containing proteins, associate with
multiprotein cellular complexes, many of which have not been
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previously described. Thus, WW domains provide a versatile
module with which to assemble regulatory protein networks.
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