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Abstract

Introduction: WW domains are small protein interaction
modules found in a wide range of eukaryotic signaling and
structural proteins. Five classes of WW domains have been
annotated to date, where each class is largely defined by the type
of peptide ligand selected, rather than by similarities within WW
domains. Class I WW domains bind Pro-Pro—Xxx-Tyr containing
ligands, and it would be of interest to determine residues within
the domains that determine this specificity.

Results: Fourteen WW domains selected Leu/Pro—Pro—Xxx—
Tyr containing peptides ligands via phage display and were thus
designated as Class 1 WW domains. These domains include those
present in human YAP (hYAP) and WWP3, as well as those found
in ubiquitin protein ligases of the Nedd4 family, including mouse
Nedd4 (mNedd4), WWP1, WWP2 and Rsp5. Comparing the
primary structures of these WW domains highlighted a set of

highly conserved residues, in addition to those originally noted to
occur within WW domains. Substitutions at two of these
conserved positions completely inhibited ligand binding, whereas
substitution at a non-conserved position did not. Moreover,
mutant WW domains containing substitutions at conserved
positions bound novel peptide ligands.

Conclusions: Class I WW domains contain a highly conserved
set of residues that are important in selecting Pro-Xxx-Tyr
containing peptide ligands. The presence of these residues within
an uncharacterized WW domain can be used to predict its ability
to bind Pro-Xxx-Tyr containing peptide ligands. © 2001 Else-
vier Science Ltd. All rights reserved.

Keywords: Combinatorial peptide; Phage-display; Protein domain;
Protein interaction module

1. Introduction

The WW domain, first described by Bork and Sudol [1],
also referred to as the WW domain containing protein

Abbreviations: WW, refers to two highly conserved tryptophan residues
within the WW domain; COLT, cloning of ligand targets; ENaC, epi-
thelial amiloride-sensitive sodium channel; GST, glutathione S-trans-
ferase; HECT, homologous to the E6-AP C-terminus; PBS, phos-
phate-buffered saline; PTB, phosphotyrosine binding domain; SH2,
Src homology 2; SH3, Src homology 3; WWP, WW domain containing
protein; YAP, Yes-associated protein; Nedd4, neuronally expressed,
developmentally down-regulated protein 4; PDZ, PSD-95, Dlg, ZO-1
homology domain; Rsp35, extragenic suppressor of spt3
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(WWP) domain [2] or the extragenic suppressor of spt3
(Rsp5) repeat [3], is a recently described protein interac-
tion module [4,5]. The domain is approximately 40 amino
acids in length and 340 WW domains have been discov-
ered in 209 non-redundant proteins so far [6]. WW do-
mains often occur multiple times in a single protein, rang-
ing from one copy in the human Yes-associated protein
(hYAP) to four in the human neuronally expressed, devel-
opmentally down-regulated protein 4 (Nedd4).

WW domains function as protein interaction modules
that bind proline-rich peptide sequences. These domains
fold into a compact structure containing three-antiparallel
B-sheets, with the ligand binding face and N- and C-ter-
mini found on opposite sides of the domain [7]. Biochem-
ical characterization of two proteins, WBP1 and WBP2,
found to interact with the WW domain of YAP [4], re-
vealed a common PPPPY peptide sequence and subse-
quent experiments with synthetic peptides revealed that
the minimal binding motif is PPxY, where x is any amino
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Fig. 1. Schematic diagram of some WWPs. WWP1, WWP2 and WWP3 are human proteins previously isolated from human brain and skeletal muscle
cDNA expression libraries. mNedd4 is the mouse isoform of the human Nedd4 while Rsp5 is a similar protein found in the yeast S. cerevisiae. YAP
has a single WW domain. Of the 16 WW domains shown, only mNedd4.1 was not studied further after repeated attempts to screen the phage display
library with this domain failed. Phage display-derived peptide ligands selected by the mNedd4.3 WW domain are published elsewhere [7]. The SH3
binding domain in hYAP contains a PxxP motif that was found to interact with the SH3 domain of Yes. A HECT domain is a region which encodes
type E3 ubiquitin ligase activity. C2, refers to a Ca*"-dependent lipid binding domain. In the diagram, w=WW domain, @ =HECT domain,
Bl = guanylate kinase-like domain, I=SH3 binding domain and <@ =C2 domain. Arrows denote incomplete sequence data while vertical lines de-

note a complete coding sequence.

acid [4,8,9]. Based on this motif, a variety of proteins have
been proposed to interact with WWPs [8,10] In one well
characterized example, the WW domains of Nedd4 have
been demonstrated to bind to a PPxY motif present in the
cytosolic tails of the three subunits of the epithelial ami-
loride-sensitive sodium channel (ENaC; [11,12]). Further-
more, mutations in the PPxY sequences destroy the inter-
action between the ENaC and Nedd4, giving rise to a
genetic form of hypertension termed Liddle’s syndrome
[11].

Combinatorial peptide libraries have recently provided a
wealth of information on the ligand binding preferences of
protein interaction modules. Peptide libraries have been
utilized to delineate the ligand specificity of Src homology
2 (SH2) domains [13], phosphotyrosine binding domains
(PTB) [14,15], Src homology 3 (SH3) domains [16-20] and
PSD-95, Dlg, ZO-1 homology (PDZ) domains [21,22].
This information has been useful in suggesting what nat-
ural proteins may interact with these domains and provide
peptide antagonists for in vitro and in vivo experiments
and is discussed in recent reviews [23,24].

In this report, we have screened two bacteriophage M13
libraries displaying combinatorial peptides with WW do-
mains from a total of five different proteins. These 14 WW
domains include four from both WWP1 and WWP2 as
well as one from WWRP3, three proteins isolated from
brain and skeletal muscle cDNA expression libraries using
cloning of ligand targets (COLT; [8]), one from human
YAP (hYAP, [25]), the central WW domain of mouse
Nedd4 (mNedd4, [26]) and the three WW domains found
in Rsp5, a ubiquitin ligase similar to mNedd4, found in
Saccharomyces cerevisiae [27]. Concordant with previously
published data, each WW domain was shown to prefer
peptide ligands containing the core PxY motif. In compar-
ing the primary structure of the WW domains that prefer
this type 1 ligand, we noted that they all shared certain

residues, in addition to those originally noted to occur in
WW domains [1-3]. Mutational analysis demonstrated
that two of these conserved residues contribute to ligand
specificity and binding. We propose this group of residues
within Class I WW domains occupy positions important in
determining specificity for PxY containing ligands.

2. Results

2.1. Affinity selection of peptide ligands for various WW
domains

A schematic diagram of the proteins containing WW
domains analyzed is shown in Fig. 1. To define the peptide
ligand preference of each WW domain, we screened two
combinatorial peptide libraries (i.e., Xx;» or x¢PPx¢) dis-
played at the N-terminus of mature protein III of bacter-
iophage M13. Phage isolated after three rounds of affinity
selection were confirmed to bind to glutathione S-trans-
ferase (GST) fusions to WW domains, but not to GST
alone, and sequenced. Of the 16 WW domains shown in
Fig. 1, 14 were used as targets in this study. Peptides
selected by mNedd4.3 are published elsewhere [23]. Only
Nedd4.1 failed to select phage from the libraries and did
not bind to any of the phage isolated by the other WW
domains, even though other constructs of this WW do-
main have been reported elsewhere to bind proteins [11].

Fig. 2A lists the peptide sequences of phage successfully
isolated by 14 WW domains. In all but two of the 76
different sequences isolated, a core PxY motif is present,
flanked by either a leucine or proline residue just N-termi-
nal of the core, yielding the motif (L/P)PxY. The two li-
gands that lack the PxY core, AWSLQGPSFYQS and
CGYPNRPCSEWM, were selected by WWP2.1 and
WWP2.3, respectively. However, unlike other PxY pep-
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Class I

WWP1.1 WYXAPXY
WWP2.1 GXXLXPPXY
RSP5.1 WXXOLXPPXY
WWP1l.2 WWXX-XPPPY
WWP2.2  WXX-XPPPY
RSP5.2 VYXXPPPY
Class IT

WWP1.3 APPXY
WWP2.3 APPXY
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WWP2.4 LLPXYEE
WWP3 LPXYXEOVY
hYAP APSYXEWWY
Nedd4.?2 LKLP-YWESSAS
Nedd4.3 PPXYEXYO
Rsp5.3 PPPYXXY

Fig. 2. A: Sequences of peptides selected from two combinatorial pep-
tide libraries for 14 different WW domains. Two libraries of bacterio-
phage M13, displaying either x> or x¢PPx¢ combinatorial peptide libra-
ries at the N-terminus of the mature coat protein III, were affinity-
selected with GST fusion proteins to 14 different WW domains. To the
right of each peptide sequence, numbers indicate the number of times
each clone was isolated and letters denote that the sequence was isolated
by more than one WW domain. Peptides in each group are arranged,
from top to bottom, along with the frequency each sequence was iso-
lated. All sequences are aligned to illustrate the motif, PxY, with the P
and Y residues boldface. The two peptide ligands that did not have
PxY are denoted with #. Peptides isolated from the x¢PPx¢ library have
their fixed prolines underlined. The consensus sequence is defined as po-
sitions displaying at least 50% conservation. The symbols ©, ¥, —, and
A represent aromatic, hydrophobic, acidic, charged and leucine or pro-
line residues, respectively. B: Aligned consensus sequences derived from
WW domain-selected peptides. Consensus sequences derived from affin-
ity-selected peptides fall into two classes based on the relative position
of the PxY core within the sequence as well as the similarities between
the sequences. The proline and tyrosine residues of each core are shown
in boldface, while the symbols ©, ¥, —, and A represent aromatic, hy-
drophobic, acidic, charged and leucine or proline residues, respectively.
The consensus sequence for the peptide ligands of the mNedd4.3 WW
domain was deduced elsewhere [23].

tides, when fused to alkaline phosphatase [28], both of
these peptides did not retain their affinity for their WW
domain targets (data not shown). It may be that avidity
effects inherent in the potentially pentavalent display with
protein IIT on bacteriophage M13 permitted these two
weakly binding peptides to be selected. In examining the
X’ position within the PxY motifs, certain amino acids are
statistically over- or under-represented from random.
After normalizing the observed frequency of this position
based on the codon frequency of the combinatorial pep-
tide library, G, P, S, and T all appeared at roughly twice
their expected rate, while C, D, F, G, H, I, K, L, N, Q, R,
V, W, and Y occurred at a frequency lower then expected
(data not shown).

It is interesting to note that WWP1.4 and WWP2.4
selected PxY ligands, even though both domains contain
phenylalanine at position 39. When this position is mu-

tated to phenylalanine in the hYAP WW domain, binding
of its peptide ligand is destroyed [29,30]. Since W39 in the
hYAP WW domain contacts the prolines within the PPxY
motif of the ligand, presumably there are compensatory
changes within WWP1.4 and WWP2.4 domains that per-
mit binding to Class I peptide ligands.

Examination of the optimal ligand preferences for the
WW domains suggested that the motifs could be grouped
into two classes (Fig. 2B). While the physiological signifi-
cance of the grouping is unknown, the alignments serve to
highlight potentially important ligand residues. In addi-
tion, comparison of the optimal ligand specificity revealed
that colinear WW domains (i.e., domains found in the
same relative position within proteins of similar overall
structure), tended to have similar ligand preferences. For
example, the consensus sequence selected by WWP1.1 was
remarkably similar to that selected by WWP2.1, and so
forth. Thus, it seems colinear WW domains, which are
present in related proteins, have evolved to recognize sim-
ilar peptide ligands.

2.2. Protein database searches reveal many WW domains
with a highly conserved primary structure

Upon testing the specificities of several selected peptides
against WW domains shown in Fig. 1, we observed that in
general the peptides exhibited a broad range of cross-re-
activity. In contrast, they showed no apparent binding
(data not shown) to WW domains from the S. cerevisiae
proteins Esslp [31,32], Ykb2p/Prp40; [33] and YfbOp [34],
overexpressed in bacteria as GST fusion proteins. The
WW domains of these three yeast proteins appear to
have very different ligand preferences as they select pep-
tides that do not contain a PxY motif (data not shown).
Thus, we then considered if there was any sequence con-
servation, beyond that shared by all WW domains, which
may account for the high degree of cross-reactivity among
this set of PxY binding WW domains.

As seen in Fig. 3A, alignment of the primary structures
of these domains revealed amino acid conservation at sev-
eral positions, in addition to those residues originally
noted to define WW domains [1-3]. Positions displaying
> 90% identity include position 14 (which lies within the
first turn), residues 16-18 (which appear in the N-terminal
B-sheet of the domain), position 32 (which lies in the sec-
ond B-sheet), positions 37 and 39 (present within the C-
terminal B-sheet), and position 42 (which lies in the final
turn of the domain). Positions exhibiting > 90% similarity
include residue 22 (within the N-terminal -sheet), residues
28-30 (lying in the middle B-sheet), residues 35-36 (located
within the C-terminal B-sheet) and residue 41 (located in
the final turn).

Subsequent examination of other WW domains in Gen-
Bank identified several that also contained the same set of
conserved residues. These include the three WW domains
of the Schizosaccharomyces pombe protein PUBI, the four
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1 20 30 40 44
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WwP2.2* RPLPPGWEKRTDPRGRFYYVDHNTRTTTWQRPTA
WWP1.3* GPLPPGWEKRVDSTDRVYFVNHNTKTTQWEDPRT
WWP2.3* GPLPPGWEKRQDN-GRVYYVNHNTRTTQWEDPRT
WWP1.4* EPLPEGWE IRYTREGVRYFVDHNTRTTTFKDPRN
WWP2.4* PALPPGWEMKYTSEGVRYFVDHNTRTTTFKDPRP
WWP3* GPLPENWEMAYTENGEVYFIDHNTKTTSWLDPRC
mNedd4. 1 SPLPPGWEERQDVLGRTYYVNHESRRTQWKRPSP
mNedd4.2* SGLPPGWEEKQDDRGRS YYVDHNSKTTTWSKPTM
mNedd4.3 GPLPPGWEERTHTDGRVFFINHN IKKTQWEDPRL
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PUB1.1 GRLPPGWERRTDNLGRTYYVDHNTRSTTWIRPNL
PUB1.2 GELPPGWEQRYTPEGRPYFVDHNTRTTTWVDPRR
PUB1.3 GPLPSGWEMRLTNTARVYFVDHNTKTTTWDDPRL
rNedd4.1 SPLPPGWEERQDVLGRTYYVNHESRTTQWKRPSP
rNedd4.2 SGLPPGWEEKQDDRGRS YYVDHNSKTTTWSKPTM
rNedd4.3 GPLPPGWEERTHTDGRVFFINHNIKKTQWEDPRM
56G7 QPLPSGWEC I TMNN-RTVFLNHANKETSFYDPR I
MYAP.1 VPLPAGWEMAKTSSGQRYFLNHNDQTTTWQDPRK
MYAP.2 GPLPDGWEQAMTQDGEVYY INHKNKTTSWLDPRL
cYAP.1 VPLPPGWEMAKTPSGQRYFLNHIDQTTTWQDPRK
cYAP.2 GPLPDGWEQAMTQDGE I YY INHKNKTTSWLDPRL
hYAP* VPLPAGWEMAKTSSGQRYFLNHIDQTTTWQDPRK
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ESS1/PTF1 TGLPTPWTVRYSKSKKREYFFNPETKHSQWEEPEG
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YPR152C - -MRGEWQEFKT-PAGKKYYYNKNTKQSRWEKPNL
TINA TESRNLWDTS -DKNSGLQYYPPDQSPSSSFSSPRYV
Consensus: Wb Ye 5 886 P

Fig. 3. A: Aligned Nedd4-like WW domains. The names used for each WW domain are as described in Figs. 1 and 3. PUBI.1, PUBI.2 and PUBI.3
denote the three WW domains of PUBI, from N- to C-terminus, respectively. cYAP refers to the YAP homolog found in chicken, and mYAP.l and
mYAP.2 refer to the two WW domains found in the mouse homolog of YAP. Shaded residues are >90% conserved within each group. Consensus se-
quences indicate identities and similarities >90% conserved, where = polar, ® =aromatic, + = positively charged, ¢ =charged, 1= aliphatic and ¥ =hy-
drophobic residues. B1-3 denote the locations of the three B-sheets and t represents the turns present in WW domains. Asterisks denote WW domains
shown in this study to bind (L/P)PxY peptides. Colinear WW domains from WWP1 and WWP2 are aligned to highlight mutual primary structure con-
servation. Alignments and shading were generated using SeqVu (Version 1.1, The Garvan Institute of Medical Research, Sydney, N.S.W., Australia).
Consensus residues were created at the URL: http://www.bork.embl-heidelberg.de:8080/Alignment/consensus.html. Numbering corresponds to that used
by Macias et al. [7] in describing amino acid positions in the hYAP WW domain-ligand complex. GenBank accession numbers are as follows: WWP1
(U96113), WWP2 (U96114), WWP3 (U96115), mNedd4 (P46934), RSP5 (P39940), human Nedd4 (P46935), PUBI (Q92462), rat Nedd4 (U50842), 56G7
(Z46793), mouse YAP (P46938), chicken YAP (P46936), hYAP (P46937). B: The remaining WW domains in the S. cerevisiae genome. GenBank acces-
sion numbers are as follows: ESS1/PTF1 (P22696), SSM4 (P40318), YFBO (P43582), YKB2/PRP40 (P33203), YPR152C (U440829), TIN1 (Z72749).

WW domains of the human and rat Nedd4 homologs, and (HECT). YAP orthologs in chicken, mouse and human
the most C-terminal WW domain of the Caenorhabditis also shared the residues highlighted in Fig. 3A. This pat-

elegans protein 56G7. These four proteins, along with hu- tern of conserved residues is absent from the seven remain-
man WWP1 and WWP2, share a similar overall modular ing WW domains of the S. cerevisiae proteome (Fig. 3B).
structure with three N-terminal WW domains and a C- The peptide ligand preferences of these yeast WW do-

terminal domain homologous to the E6-AP C-terminus mains are currently under investigation.
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A.

Fig. 4. A three-dimensional model of the mNedd4.3 WW domain highlighting amino acid positions subjected to mutational analysis. The structure of
the hYAP WW domain, defined by NMR [7], was used as a reference as its primary structure more closely resembled that of the mNedd4.3 WW do-
main than other WW domains whose three-dimensional structure has been determined. Within the WW domain, light blue arrows denote B-sheets. The
N- and C-termini of the domain are also noted. A: Amino acid positions subjected to mutational analysis are highlighted in ball-and-stick. B: The
hYAP WW domain is shown bound to a peptide ligand [7]. The central proline and tyrosine residues are highlighted in ball-and-stick. Atoms are col-
ored as follows: blue: nitrogen, white: hydrogen, gray: carbon and red: oxygen.

2.3. WW domain mutagenesis

Based on the alignment of the WW domains in Fig. 3A,
we hypothesized that the conserved residues contribute to
the preference for PxY peptides. To evaluate this possibil-
ity, we tested the functional importance of three residues,
D24, H32 and T37, within the mNedd4.3 WW domain.
An H32A mutation has previously been shown to destroy
binding of the h'YAP WW domain [7], so this residue was
selected as a control, where substitution would likely effect
binding. While T37 has not been previously shown to
effect binding, it is absolutely conserved, in contrast to
position 24, which varies between the domains (Fig. 3A).
The positions of D24, H32 and T37 within a model of the
three-dimensional structure of the mNedd4.3 WW domain
are highlighted in Fig. 4.

To test the importance of the amino acids at the posi-
tions 24, 32, and 37 in the C-terminal WW domain of
mNedd4, degenerate codons were introduced separately
at each of the three positions and the mutant WW do-
mains were expressed as N-terminal fusions to the capsid
protein, plll, of bacteriophage M13. Recombinant phage
particles were then assessed for their ability to bind a
specific peptide ligand (NH;-biotin-LKLPDYWESSAS-
COOH) which had been immobilized on the surface of
microtiter plate wells. The results of the mutagenesis ex-
periments are summarized in Fig. 5. Of the WW domains
with random substitutions at the H32 position, only phage
with histidine at that position retained binding. Amino
acid replacements of another conserved residue, T37,
showed similar results: only WW domains with threonine
at this position retained binding. This is in contrast to
position D24, where all the phage retained at least some
degree of binding to the type I ligand, although the rela-

tive binding was reduced for some amino acid substitu-
tions (data not shown). These data suggest that certain
positions within Class I WW domains are critically impor-
tant for interacting with PxY ligands.

2.4. Peptides affinity-selected by mutant WW domains

One caveat of the mutational analysis was that some of
the amino acid replacements might have prevented proper
folding of the domain, rather than alter its ligand specific-
ity. To discern which possibility was correct, several mu-
tant WW domains were expressed as GST fusion proteins
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Fig. 5. Amino acid substitutions within the mNedd4.3 WW domain and
their effects on binding a PxY containing ligand. The primary structure
of the mNedd4.3 WW domain is shown with the substituted positions
highlighted in boldface. Amino acid substitutions and their effects on
binding are noted, where ‘+’ and ‘—’ refer to residues which, when sub-
stituted separately into the WW domain, allow or destroy binding, re-
spectively. Amino acids present in the ‘+’ column bind 15-100% as well
as the wild type WW domain, whereas amino acids appearing in the ‘—’
column bind at background levels (i.e., <15%).
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TCGYPDPECPEPLL
GCGYPNBECSGHST
T37S8 TWGYPDRPECPEPLL
WAGPDPRPEAWQEEW*
WGIMDDEETYWEAV

Consensus: GYP-PP

WAGAY S PPAWHHHA
H32R WAGPDPRPAWQEEW* #
WAWPDPRPAWQEEWH

Consensus: WAxxxxPPAWxXxXW

B

mNedd4 .3 PPXYESYO

D24E PPSYESLF

T3TV RXXKDXXXKA-
WxGPx~-LVD¥I

T37S GYPDPP

H32R WAXXXXPPAWX XKW

Fig. 6. A: The peptide ligand preferences of several amino acid variants
of the mouse Nedd4.3 WW domain. Mutant domains used as targets
for phage display are noted in boldface by the particular substitution
present in that domain, while the alignment of peptides selected by each
domain is listed below. Phage displayed either x;» or x¢PPx¢ combinato-
rial peptides; the two fixed prolines are underlined in the peptides
shown. Residues that occur at a frequency of greater than or equal to
50% are shaded and listed in the underlined consensus sequences below
each alignment; within the consensus sequences, ‘—’ represents nega-
tively charged residues while “¥’ represents hydrophobic residues. An “*’
denotes two peptides with the same sequence In peptides selected by the
H32R mutant, the ‘#’ sign denotes two sequences that are too similar
to count as separate sequences, since they are identical except for one
residue and there are only three total sequences within the alignment.
T37V selected two populations of peptides as revealed by two distinct
motifs. B: Consensus sequences derived from peptides selected by mu-
tant WW domains. The consensus sequences representing preferred resi-
dues selected by the mutant forms of the mNedd4.3 WW domain are
shown. In addition, the consensus sequence derived from wild type
mNedd4.3 is present as a comparison, where the residues which are
identical or similar between the wild type- and D24E-derived sequences
are highlighted in boldface. ¥, ® and — represent hydrophobic, aro-
matic and negatively charged residues, respectively.
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and their binding preferences were assessed with combina-
torial peptides. Peptides affinity-selected by four mutant
WW domains (D24E, T37V, T37S and H32R) have been
aligned in Fig. 6A. Mutant WW domains containing
T37V, T37S or H32R amino acid replacements demon-
strated novel peptide ligand preferences. The T37V mutant
domain selected one predominant (WxGPx-LVDYI) and
one minor motif (RxxxDxxxxA-) from the x;, library,
where — and W represent negatively charged and hydro-
phobic residues, respectively. The T37S mutant domain
only selected peptides from the x¢PPx¢ library, preferring
a GYP-PP motif. Two of these peptides are likely cyclized
due to a disulfide bond between two cysteine residues
and thus adopt a conformationally constrained structure
[35]. Interestingly, the H32R mutant domain selected pep-
tides with the motif PPAW, which is similar, yet distinct
from, the original PPxY. Conversely, the D24E mutant
WW domain selected peptides which all contained the
PxY core motif. Furthermore, the consensus sequence de-
rived from the D24E-selected peptides is nearly identical
to the consensus selected by the wild type WW domain,
Nedd4.3 (Fig. 6B). Thus, these substitutions allowed prop-
er folding of the WW domain, but imparted new ligand
specificities, while substitution at a non-conserved position
had little effect on the original ligand preference of the
domain.

3. Discussion

Through affinity selection experiments with bacterio-
phage M13 displaying combinatorial peptides, we have
defined the peptide ligand specificity of 13 different WW
domains from one mouse and four human proteins. All 13
domains selected peptides containing the motif (L/P)PxY
and can thus be classified as Class I WW domains, in
contrast to Class II, III, IV and V WW domains which
select PPLP [36-38] PxxGMxPP [39], (phospho-S/T)P [40]
and RxPPGPPPxR [41] containing peptide ligands, respec-
tively.

Computer searches of the Swiss-Prot online protein da-
tabase with the peptide ligand motifs selected by the 13
WW domains characterized in this study have suggested a
number of potential interacting proteins. For example, a
search with the optimal ligand sequence for the Nedd4.3
WW domain yielded a match with a sequence present in
the cytoplasmic C-terminus of ENaC [23]; a number of
experiments have confirmed that this interaction is phys-
iologically significant [11,12]. In fact, mutations in the
PPPY sequence at the C-terminus of any of the three sub-
units of the ENaC leads to Liddle’s syndrome, a form of
hypertension [42,43]. Examples of such correspondence
between the primary structure of phage display-derived
peptide ligands and naturally occurring ligands have
been referred to as ‘convergent evolution’ [23].

Interestingly, among the predicted interacting proteins
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were some of the WWPs themselves. The WW domains of
WWPI1.1, WWP1.4, WWP2.4 and Nedd4.2 all selected the
same peptide sequence, LKLPDY, of which the consensus
LxLPxY is present within the HECT domains present in
these proteins. This motif is adjacent to a conserved cata-
lytic cysteine residue in the HECT domain that functions
to transfer ubiquitin to a protein substrate during ubiqui-
tin ligation. Furthermore, the peptide ligand sequence,
LKLPDY, occurs within the HECT domains of the S.
cerevisiae protein YGOI1 (GenBank accession number
P53119) and human TR12 (Q14669). These observations
suggest that some HECT domains may bind in an intra-
molecular fashion to WW domains within the same pro-
tein and serve to regulate the catalytic activity of the do-
main through steric hindrance. To test this notion,
peptides corresponding to the sequence flanking the cata-
lytic cysteine were synthesized and tested for binding;
these peptides bound quite well, whereas peptides synthe-
sized with a Tyr to Ala replacement did not (data not
shown). Thus, E3 ubiquitin ligases [44], which contain
both WW and HECT domains, may adopt a ‘closed’,
inactive state due to intramolecular interactions, much
like that observed for the Tek and Src tyrosine kinases
[45,46].

Recently, a common mechanism whereby WW and SH3
domains select proline containing peptide ligands was elu-
cidated [47-49]. Conserved aromatic residues form one or
two grooves, termed ‘X—P’ grooves, on the surfaces of the
WW and SH3 domains, respectively, which accommodate
ligand dipeptides consisting of one random, Co-substi-
tuted residue and one proline, an N-substituted residue.
Thus, in Class I ligands any residue may appear N-termi-
nal of the PxY core, as part of the dipeptide accommo-
dated in the X-P groove on the WW domain surface. In
our study, either leucine or proline is the preferred residue
that flanks the PxY core on its N-terminus. The WW
domains of Rsp5 and hYAP bind (L/P)PxY containing
ligands as well [30,50]. However, the central WW domain
of Rsp5 can also interact with the C-terminal domain of
the RNA polymerase II large subunit via a repeated SPSY
sequence. Thus, the peptide ligand preference of certain
Class I WW domains may be broader than (L/P)PxY.

In comparing the primary structures of the 13 WW
domains that selected PxY peptides, we noted that they
shared a number of additional residues. Of these con-
served residues, we have confirmed in mutagenesis experi-
ments the importance of H32 within the domain in bind-
ing PxY-type peptide ligands [7]. We have gone on to
demonstrate that T37 within the WW domain is also es-
sential for PxY ligand recognition, in contrast to D24,
which is not present at the domain-ligand interface and
which can be replaced with other amino acids with little to
no effect on binding. This suggests that there are a set of
conserved positions within Class I WW domains that serve
to direct binding to PxY containing ligands.

Recent three-dimensional structural studies of WW do-

mains complexed with peptide ligands provide insight into
the role of many of the residues we have identified to be
conserved amongst Class I WW domains. Analysis of the
complex between the dystrophin WW domain and a pep-
tide segment of B-dystroglycan has revealed that amino
acids 130, H32 and Q35 of the WW domain form a pocket
in which the tyrosine residue of the PxY peptide ligand
lies. Additionally, residues Y28, T37, and W39 contact the
two prolines of the peptide ligand. Amino acids occurring
at position 30 typically include valine, leucine or isoleucine
in Class I WW domains. In Class I WW domains, which
bind PPLP peptide ligands, this residue is commonly ty-
rosine or phenylalanine. The importance of this position is
underscored by the observation that when the leucine at
position 30 in the WW domain of the hYAP protein is
replaced with a tyrosine the ligand specificity of the WW
domain changed from Class I to Class II [51]. While the
three-dimensional structure of a Class II domain remains
to be determined, structural studies of a Class IV domain
from PIN1 have revealed that the tryptophan side chain at
position 30 faces the proposed ligand interface [52]. Thus,
the type of residue at position 30 contributes significantly
toward specifying its ligand preference.

Some of the residues conserved among Class I WW
domains are likely conserved because they play a role in
maintaining the tertiary structure of the domain. For ex-
ample, P42, which is conserved in all WW known to date,
makes no direct contact with the ligand and when it is
replaced by a leucine in the WW domain of FBP28 it
causes unfolding of the domain [53]. Similarly, residue
P14, which is absolutely conserved in the alignment of
Class 1 domains (Fig. 3A) has been observed to form a
structurally important ‘hydrophobic buckle’ with P42 on
the backside of the hYAP WW domain [7]. In addition,
E18, a position absolutely conserved in Class I WW do-
mains (Fig. 3A), was shown in structural studies to hydro-
gen bond to H32, thereby promoting the interaction of the
histidine with the hydroxyl group of the tyrosine in the
peptide ligand [48].

Although the dystrophin WW domain can bind a PxY
ligand present in (-dystroglycan [48], this WW domain
does not exactly fit the consensus defined by other Class
I WW domains, instead containing L13V, P14Q and G16P
substitutions. It is interesting to note that the dystrophin
WW domain requires the structural stability supplied by
adjacent EF hand-like regions to fold and function prop-
erly [48]. We predict that replacement of these three resi-
dues with those conserved among Class I WW domains
would restore the ability of the dystrophin WW domain to
fold and function independently.

Data involving other protein interaction domains also
support the usefulness of functional primary structure
alignments. Alignment of the primary structures of PH
domains, which bind phosphoinositides, was useful in
identifying additional PH domains with similar ligand
preferences [54]. In another example, two destabilizing



mutations in the Nck SH3 domain were found to be con-
served in nearly all SH3 domains [55]. In another case,
alignment of SH3 domains was found to more accurately
predict the significance of amino acid substitutions in the
Fyn SH3 domain than a crystal structure of the same
domain [56]. Furthermore, a conserved aspartic acid resi-
due in the Src SH3 domain was found to be important in
binding the arginine of Class I SH3 peptide ligands [57]. In
SH2 domains, Group I domains are distinguished from
Group IIT domains by the presence of a bulky hydropho-
bic residue at position BD5 [58]. Substitution of a Tyr at
this position in a Group III SH2 domain altered its ligand
preference to that of Group I SH2 domains [59]. SH2
domains also contain variable regions which influence spe-
cificity. In one case, a single substitution altered the spe-
cificity from that of the Src SH2 domain to the Grb2 SH2
domain [60].

Thus, it appears that it may be possible to discern a
molecular recognition code for protein interaction mod-
ules based on their primary structures [24]. It should
also be possible, as demonstrated in the mutagenesis ex-
periments with the Nedd4.3 WW domain, to design new
optimal ligand preferences. Similar experiments are on-
going with the generation of designer zinc fingers proteins
that can bind specific DNA sequences [61-63].

4. Significance

Protein—protein interactions studies are a critical part of
research in the signal transduction field. Screening phage-
displayed peptide libraries has proven quite effective for
delineating the optimal ligand preferences of many protein
interaction modules and predicting potential protein—pro-
tein interactions. Alignment of peptides selected by 13 dif-
ferent WW domains demonstrated that each WW domain
selected Class 1 peptide ligands, defined by a conserved
PxY core motif. Comparison of the primary structures
of these WW domains revealed that they shared a number
of residues that likely contribute to the preference of Class
I ligands. Mutation of two absolutely conserved residues
within the prototypic mNedd4.3 WW domain abrogated
binding to a PxY ligand, while mutation of a non-con-
served residue did not. These substitutions did not prohib-
it proper folding of the domain, but instead altered the
specificity of the domains. It may be possible to exploit
WW domains as versatile affinity reagents and develop
unique WW domain-ligand pairs.

5. Materials and methods
5.1. GST fusions of WW domains

Oligonucleotides were designed to flank individual WW do-
mains from the following proteins: mNedd4 (GenBank accession
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number L11119), WWP1 (U96113), WWP2 (U96114) and WWP3
(U96115). Upstream primers contained a BamHI cleavage site
and the downstream primers contained an EcoRI cleavage site.
After estimating the size of the PCR products on a 2.5% Meta-
phor agarose gel, (FMC, Rockland, ME, USA), the remaining
material was digested with both restriction enzymes and ligated
into the pGEX-2T vector (Pharmacia, Piscataway, NJ, USA).
DHSaF’ Escherichia coli cells were transformed by electropora-
tion and the resulting GST fusion proteins were overexpressed
and purified as described [64]. A GST fusion to the WW domain
of hYAP was derived in the same manner from a template kindly
supplied by Dr. Marius Sudol (Mt. Sinai Medical Center, New
York, NY, USA).

5.2. Screening of phage-display combinatorial peptide libraries

Two libraries displaying xj» or x¢PPx¢ or combinatorial pep-
tides, with a complexities of ~10° recombinant clones, were
screened by three rounds of affinity selection with GST fusion
proteins immobilized on the surface of a 96 well microtiter plate
(Costar, Cambridge, MA, USA). After the third round of affinity
selection, phage were plated out on a lawn of E. coli DH50F' to
yield individual plaques. The binding of phage isolates to the
GST fusion proteins was verified by ELISA, and the nucleotide
sequences of the positive phage were determined at the University
of Wisconsin Biotechnology Center sequencing facility.

5.3. Construction of phage-displayed, mutant WW domain libraries

Using primers designed to flank the C-terminal WW domain
from mNedd4, we amplified the WW domain by PCR and cloned
the resulting fragment into the M13 bacteriophage vector as a
fusion to the N-terminus of mature protein pIIl. The recombi-
nant clone was confirmed by sequencing. To introduce point
mutations into this WW domain, forward and reverse mutagenic
primers were synthesized, each complementary to the WW do-
main except for a single NN(G/T) codon at the position to be
mutated. Two different polymerase chain reactions were per-
formed, each using one mutational primer described above and
another primer adjacent to the inserted DNA. The two amplified
products were purified, annealed and extended using Pfu DNA
polymerase I (Promega, Madison, WI, USA). The extended DNA
fragment was digested with Xbal and Xhol, ligated into a bacter-
iophage M13 vector, and introduced into E. coli JSS cells by
electroporation.

5.4. ELISA testing phage displayed WW domains

Streptavidin (100 ng/well in 100 mM sodium bicarbonate, pH
8.3) were incubated in each well of a microtiter plate for 45 min
at room temperature and blocked for 1 h with phosphate-
buffered saline (PBS, 137 mM NaCl, 3 mM KCI, 4 mM
Na,HPO47H,0, 1.5 mM KH,POy). After washing the wells three
times with PBS containing 0.1% Tween 20, 10 nmol of biotinyl-
ated peptide ligand (biotin-LKLPDYWESSAS; Research Genet-
ics, Huntsville, AL, USA) were incubated in the wells for 1 h at



240 Chemistry & Biology 8/3 (2001) 231-241

room temperature. Wells were washed again and the binding of
phage displaying the individual mutant WW domain domains
was assessed by ELISA.
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