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Abstract

Our study of transforming genes led us to the
identification of a new protein module, the WW
domain, that is found in a wide range of structural,
regulatory and signaling proteins. The WW domain
is functionally similar to the SH3 module, in that it
binds polyproline containing ligands. However, its
structure is distinct. Unexpectedly, the WW
domain-polyproline ligand connection was recently
implicated in several human genetic disorders
including the Mendelian form of hypertension
known as Liddle’s syndrome, and indirectly in
muscular dystrophy, Alzheimer's disease and also
in limb and kidney formation. Since both the WW
domain and the core motif of its ligand are
relatively short (40 and 5 amino acid residues), one
could suggest that human diseases that involve
mutations of these sequences could be treated
successfully, not only by gene therapy approaches,
but also by low molecular weight compounds. The
rigid molecular shapes represented by the
polyproline cores of the WW domain ligands could
serve as guides for rational drug design.

Identification of the WW domain

The WW module is a small globular domain which is
composed of 38-40 semi-conserved amino acids and is
involved in mediating protein-protein interaction (Bork
and Sudol, 1994; Chen and Sudol, 1995). Functionally,
it is similar to the SH3 domain, in that it binds
polyproline ligands (Sudol, 1996a,b). However, the
structure of the WW domain is distinct from that of the
SH3 domain (Macias et al., 1996).

The WW domain was identified based on computer-
aided analysis of imperfectly repeated sequences in the
mouse isoform of YAP, and also in a yeast factor RSP5

that encodes a protein with ubiquitin-ligase activity
(reviewed by Sudol et al., 1995b). The name refers to
one of the distinguishing features of the domain: the
presence of two highly-conserved tryptophan residues
(W) which are spaced 20-22 amino acids apart (Bork
and Sudol, 1994). Similar to other intracellular modules,
one of the important features of the WW domain is its
widespread occurrence (Sudol et al., 1995a). The WW
domain is shared by proteins of diverse functions
including structural, regulatory and signaling proteins in
yeast, nematode and mammals (see discussion in
Sudol et al., 1995a,b). By now almost 30 proteins,
excluding numerous orthologs, have been identified
which contain from 1 to 4 copies of the WW domain. In
anticipation of the rapidly growing number of WW
domain-containing sequences being uncovered, we
have been providing updated information on the WW
domain via the World Wide Web (WWW) with the
address: http://www.embl-heidelberg.de/~bork/
ww1.html/ or http://swan.embl-heidelberg.de:8080/
Modules/ww-gif.html since December 1994. Both the
alignment and a diagram with the modular structure of
the proteins containing the WW domain(s) are available
via the WWW network and are updated by us (Peer
Bork and Marius Sudol) frequently.

Identification of the ligand to the WW
domain

Since we proposed that the WW domain of YAP might
mediate protein-protein interactions (Sudol et al., 1995
a), we performed a functional screen of a cDNA
expression library to identify its ligand. Two putative
ligands that bind to the WW domain were identified. We
named them WBP-1 and WBP-2 (Chen and Sudol,
1995). Sequence comparison of the ligands revealed
that they share a proline-rich region that binds strongly
and specifically to the WW domain of human YAP. This
region consists of a five amino acid sequence, PPPPY,
which is perfectly conserved between the two ligands.
By sequentially replacing each of the these five
positions with alanine for in vitro binding assays, a
preliminary consensus of XPPXY was established for
binding (Chen and Sudol, 1995). This consensus is
distinct from the SH3-binding motif PXXP. With these
data, we have implicated the WW domain in mediating
protein-protein interactions, as a variant of the
paradigm set by SH3 domains and their proline-rich
ligands (Chen and Sudol, 1995; Musacchio et al.,
1994c).
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NMR structure of the WW domain in
complex with its ligand

Although the WW and SH3 domains are functionally
similar, their structures are distinct. The NMR structure
of the WW domain of human YAP in complex with its
cognate peptide was recently solved (Macias et al.,
1996). Interestingly, the WW domain seems to
represent one of the most compact globular structures
known to date. As with the SH3, the WW domain
appears to be modular in the sense that the amino- (N)
and carboxy-termini (C) are juxtaposed on one side of
the domain, opposite from the ligand-binding surface
(Macias et al., 1996; Musacchio et al., 1994c). The
hallmarks of the WW domain of human YAP are as
follows: a three-stranded antiparallel B sheet which is
somewhat bent, and a hydrophobic pocket composed
of leucine, tyrosine, and the second (W) tryptophan.
These amino acids are part of the ligand binding
interface, as deduced from structural and mutational
studies (Macias et al., 1996; Chen, H.l. and Sudol, M.,
unpublished). Two central prolines of the ligand XPPX
form Van-der-Waals contacts with the second
tryptophan, whereas the terminal tyrosine of the ligand
fits into a hydrophobic pocket of the WW domain
formed by the conserved leucine and histidine.

Biology of the WW domain-polyproline
ligand link

Unexpectedly, in the last year the WW domain-ligand
link was implicated, directly or indirectly, in several
human genetic disorders (Sudol, 1996). The best
example comes from the study of Liddle’s syndrome - a
form of hypertension with Mendelian inheritance, which
results from dominant genetic lesions of the renal
tubule’s amiloride-sensitive epithelial sodium channel
(ENaC) (Botero-Velez et al., 1994; Lifton, 1995;
Rossier, 1996).

Liddle’s syndrome

In 1963, Liddle and colleagues described a rare
syndrome of a salt-sensitive form of hypertension with
clinical symptoms corresponding to a primary
hyperaldosteronism (Liddle et al., 1963). The affected
patients suffered from severe hypertension and
metabolic alkalosis, both of which are normally
associated with hyperproduction of aldosterone by the
adrenal glands. However, Liddle was able to
demonstrate that the hypertension was not due to the
production of mineralocorticoids but rather was
connected with the function of a sodium channel. Using
an amiloride analog that selectively blocks the sodium

channel, Liddle was able to significantly decrease blood
pressure in patients ingesting a low-salt diet. At that
point he proposed the term “pseudoaldosteronism” -
today this name is synonymous with Liddle’s syndrome
(Lifton, 1995).

The mutations that give rise to Liddle’s syndrome are
usually deletions or stop codon-created truncations and
less frequently point mutations, that affect the carboxy
terminal region of either the B or y subunit of the ENaC
and lead to constitutively increased channel activity
(Shimkets et al., 1994; Schild et al., 1995; Hansson et
al., 1995). Work from three independent laboratories
headed by Rossier, Lifton and Welsh pointed clearly to
the highly conserved proline-rich regions in all three
subunits of the channel (including the o subunit) as
potential target sites for mutations (Canessa et al.,
1994; Snyder et al., 1995; Schild et al., 1996).
Experimentally introduced missense mutations that
alter the conserved PPPXY consensus sequence within
the o, B or vy subunits, when assayed in the Xenopus
oocyte system, reproduced the increase in channel
activity that had been originally found in mutants in
which the entire cytoplasmic carboxytermini were
deleted (Snyder et al., 1995; Schild et al., 1996).
Moreover, two Liddle’s syndrome patients were
recently characterized with single amino acid
substitutions in either the third proline (P616L; giving
rise to PPLNY) or tyrosine (Y618H; giving rise to
PPPNH) in the PPPNY motif of the beta subunit of
ENaC (Hansson et al., 1995; Tamura et al., 1996). The
“alanine scan” of the proline-rich region of the ENaC
followed by a functional assay in frog oocytes
definitively confirmed that the PPPNY behaves in the
same way as our XPPXY consensus, which was
established for the WBP-1 binder to the WW domain of
YAP (Schild et al., 1996). When the proline-rich region
of the B subunit of ENaC was used as bait in the yeast
two hybrid screen, a known protein, NEDD4, composed
of three WW domains and a ubiquitin ligase domain
was isolated as an interactive partner (Kumar et al.,
1992; Staub et al., 1996). The very modular structure
and the overall topology of the NEDD4 protein is
suggestive of its possible molecular function as a
regulator and suppressor of the ENaC (Staub et al.,
1996; Sudol et al., 1995a) (Figure 1A). In the most
simple scenario, the three WW domains bind three
ENaC subunits and this binding is required for the
ubiquitin ligase to modify the channel and to target it for
regulated degradation. Lack of binding of any of the
three subunits to the corresponding WW domain would
affect the entire complex and prevent proper
ubiquitination of the channel.

Muscular dystrophy
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The muscular dystrophies are a group of diseases that
primarily affect skeletal muscle and are characterized
by progressive muscle wasting (Campbell, 1995).
Duchenne and Becker muscular dystrophies (DMD and
BMD) are X-linked recessive diseases that are caused
by mutations in the dystrophin gene (Ahn and Kunkel,
1993).

We have identified a WW domain in the carboxy
terminal region of dystrophin just between the fourth
proline-rich “hinge” region and the beginning of the
cysteine-rich stretch (Bork and Sudol, 1994). Knowing
that the carboxy terminal region of dystrophin is of
particular importance because it interacts with a large,
oligomeric, membrane-spanning protein complex
(Tinsley et al., 1994; Matsumura and Campbell, 1994),
we focused our attention on two components of this
complex: B-dystroglycan (43-kDa protein) and syntropin
(59-kDa protein). Both B-dystroglycan and syntropin
were shown to interact directly with the carboxy
terminal region of dystrophin, but the precise sites of
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Figure 1. Schematic diagram depicting
examples of biological functions for proteins
containing WW domains. As with other
known signaling domains, the WW domain
represents a molecular adhesive that is
specific for ligands containing polyproline
sequences, frequently having the XPPXY
consenus. (A) Each of the three WW
domains of NEDD4 interacts with the
XPPXY motifs of at least one of the
epithelial sodium channel subunits. Deletion
of the XPPXY motif or point mutation within
the motif results in Liddle’s syndrome. In all
models, the cell membrane is represented
by a cross-hatched end-broken rectangle.
(B) One of the proline-rich motifs of the 3

MUTATIONS

dystroglycan receptor interacts with the WW
domain of dystrophin, localizing dystrophin
resulting in deletion of the C-terminal region
of dystrophin prevent this interaction,
(C) The FE65 factor contains one WW
/ domain and two PTB domains. The PTB
FBP protein. A ligand to the WW domain of FE65
may contain modifying (processing) activity
A formin interacts with two formin binding-
proteins (FBPs). The WW domain of one
FBP compete to bind to the proline rich sequence
TPPPLP (which contains versions of the
XPPX and PXXP; “binary switch”) resulting
in the regulation of limb and kidney

to the membrane of a normal cell. Mutations
] causing Duchenne’s muscular dystrophy.
domains bind to the B-amyloid precursor
\ (MA) toward the beta amyloid precursor. (D)
FBP and the SH3 domain of the other
consensus cores for WW and SH3 domains:
development.

their interaction have not been delineated to date
(Tinsley et al., 1994). Using various approaches,
including computer searches for conserved proline-rich
sequences (potential binding sites for WW domains), in
vitro precipitations of cell lysates with either the
bacterially expressed and purified WW domain or the
WW domain plus the cysteine-rich polypeptide, and
phage display libraries to predict ligand preference of
the WW domain of dystrophin, we have shown that one
of the three proline rich motifs in the B-dystroglycan
molecule forms a stable complex with the WW domain
of dystrophin (Bougeret, C. and Sudol, M., unpublish-
ed; Einbond and Sudol, 1996) (Figure 1B). At present,
we are investigating the biological ramifications of this
link. Following the example of molecular lesions
causing the Liddle’s syndrome, it is tempting to
speculate that mutations in the proline-rich motif of the
B-dystroglycan receptor might result in dystrophic
phenotypes (Sudol, 1996).
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Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative
disorder characterized by the progressive deterioration
of memory (Schellenberg, 1995). The onset of
Alzheimer’s disease correlates well with the formation
of amyloid plaques and vascular deposits consisting of
the 4-kDa amyloid B peptide (AB). AR peptide is
proteolytically derived from a large membrane protein,
the p amyloid precursor protein (BAPP).

Our interest in the molecular aspect of the BAPP
processing came from the identification of the WW
domain in the FE65 adapter protein (Bork and Sudol,
1994). The FEB5 factor was cloned and characterized
by the Russo laboratory at the University of Naples as
a brain-specific gene (Duilio et al., 1991; Faraonio et
al., 1994). The modular structure of the FE65 protein is
reminiscent of known signaling adapters. At its amino
terminal portion it contains the WW domain while at its
carboxy-terminal end it contains two PTB domains
(Bork and Margolis, 1995; Kavanaugh et al., 1995; Van
Der Geer and Pawson, 1995). Recently, the PTB
domains of FE65 were shown to bind specifically to the
BAPP molecule (Fiore et al., 1995). Prompted by this
result, we have cloned a cDNA for a potential ligand to
the WW domain of FE65, which may participate in the
processing of BAPP (Ermekova, K., Russo, T. and
Sudol, M., unpublished). The scenario of a docking
protein that forms a tri-partite complex, including the
BAPP is attractive and amenable for direct experimen-
tal attack (Figure 1C).

In addition to providing insights into the mechanism
of the BAPP processing in normal and Alzheimer’s
disease-derived tissues, the identification of specific
domains in FE65 and in its WW ligand suggests that
mutations in the relevant genomic, coding sequences
could contribute to the phenotype of Alzheimer’s
disease (Sudol, 1996).

Limb and kidney development

A recent report from the Leder laboratory proposed a
functional interplay between the WW and SH3 domains
(Chan et al., 1996). This hypothesis emerged from the
study of formins, a set of protein isoforms encoded by
the mouse limb deformity locus (Id) (Woychik et al.,
1985). The Id locus was identified as result of
transgene insertion that disrupted embryonic pattern
formation, resulting in a reduction and fusion of the
distal bones and digits of fore- and hindlimbs as well as
in variable incidence of renal aplasia. An exhaustive
screen of expression libraries from the mouse limb bud
with the polyproline region of formin was performed
(Chan et al., 1996). This resulted in the identification of
two sets of formin-binding proteins (FBPs); one set, as

expected, had SH3 domains and another had WW
modules. In a series of well controlled experiments, the
WW domains of FBPs were shown to compete with the
SH3 domain of ABL in binding the polyproline peptide
present in formin. The authors suggested that in
general, WW domains might regulate the function of
SH3 domains by modulating their interaction with
ligands through direct competition for the same proline-
rich sequences on target proteins (Chan et al., 1996)
(Figure 1D). This is an attractive scenario for a
molecular mechanism regulating developmental
processes. If indeed these interactions are confirmed
in vivo, they will provide one of the first examples of
degeneracy in the “protein-protein interaction code”
(Sudol, 1996).
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