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Peptide recognition modules mediate many protein-protein interactions critical
for the assembly of macromolecular complexes. Complete genome sequences
have revealed thousands of these domains, requiring improved methods for
identifying their physiologically relevant binding partners. We have developed
a strategy combining computational prediction of interactions from phage-
display ligand consensus sequences with large-scale two-hybrid physical in-
teraction tests. Application to yeast SH3 domains generated a phage-display
network containing 394 interactions among 206 proteins and a two-hybrid
network containing 233 interactions among 145 proteins. Graph theoretic
analysis identified 59 highly likely interactions common to both networks.
Las17 (Bee1), a member of the Wiskott-Aldrich Syndrome protein (WASP)
family of actin-assembly proteins, showed multiple SH3 interactions, many of
which were confirmed in vivo by coimmunoprecipitation.

Peptide recognition modules mediate many
protein-protein interactions critical for the as-
sembly of complexes and pathways that co-
ordinate specific biochemical functions (7).
These modules bind to ligands containing a
core structural motif; for example, SH3 and
WW domains recognize proline-rich pep-
tides, EH domains bind to peptides contain-
ing the NPF motif, and SH2 and PTB do-
mains bind to peptides containing a phospho-
rylated tyrosine (2—4). For particular modules
within the same family, binding-partner spec-
ificity is determined by key residues flanking
the core binding motif (5). Although the com-
plete genome sequence for an organism pro-
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vides all of the potential peptide recognition
modules and binding partners, a major chal-
lenge is to use these data to construct protein-
protein interaction networks in which every
module is linked to its cognate partners. Here
we apply a four-step strategy for the deriva-
tion of protein-protein interaction networks
mediated by peptide recognition modules:

1) Screen random peptide libraries by
phage display to define the consensus se-
quences for preferred ligands that bind to
each peptide recognition module.

2) On the basis of these consensus se-
quences, computationally derive a protein-
protein interaction network that links each
peptide recognition module to proteins con-
taining a preferred peptide ligand.

3) Experimentally derive a protein-protein
interaction network by testing each peptide
recognition module for association to each
protein of the inferred proteome in the yeast
two-hybrid system.

4) Determine the intersection of the pre-
dicted and experimental networks and test in
vivo the biological relevance of key interac-
tions within this set.

Because this strategy identifies ligands
that bind directly to specific peptide recogni-
tion modules and defines interacting partners
from the intersection of data sets derived
independently, we anticipate that the result-
ant network will be enriched for physiologi-
cally relevant interactions.

We applied this approach to Saccharomy-
ces cerevisiae SH3 domains as a test case.
With the SH3 domain of the protein kinase
Src as a query sequence for {-BLAST anal-
ysis (6), 24 SH3 proteins were identified
within the predicted S. cerevisiae proteome
(7). Apart from Fusl, which controls cell
fusion during mating, and Pex13, which par-
ticipates in peroxisome biogenesis, most
yeast SH3 proteins have been implicated in
either signal transduction (Beml, Boil, Boi2,
Cdc25, Sdc25, and Shol) or reorganization of
the cortical actin cytoskeleton (Abpl, Bud14,
Cyk3, Hofl, Myo3, Myo5, Rvs167, and Slal)
(8). A set of eight SH3 proteins [Bbcl (Mtil),
Bzzl, Nbp2, Yfr024c, Ygr136w, Yhl002w,
Yprl154w, and Ysc84] remains to be charac-
terized. Bem1 and Bzzl contain 2 SH3 do-
mains and Slal contains 3, with a total of 28
SH3 domains analyzed in this study.

Step 1: We used phage display to select
SH3 domain ligands from a random amino
acid nonapeptide library (7) and screened all
but four SH3 domains (Bem1-2, Cdc25, Slal-
1, and Slal-2), which could not be expressed
in a soluble form as glutathione-S-transferase
(GST)—-SH3 fusion proteins in Escherichia
coli. After three selection cycles, positive
clones were sequenced, and a consensus li-
gand was determined for 20 different SH3
domains (Fig. 1). Four SH3 domains—
Bud14, Sdc25, Cyk3, and Hofl—did not se-
lect a ligand from the nonapeptide library,
suggesting that they may not bind to a simple
linear peptide with micromolar affinity. To
further explore the subset of peptides contain-
ing the PxxP motif, we screened a biased
library (xxxxPxxPxxxx) (7); however, the
same SH3 domains failed to select a preferred
ligand. In general, the ligand-binding surface
of SH3 domains binds to a core PxxP ligand
motif. Class I peptides conform to the con-
sensus RXLPPZP (Z, hydrophobic residues or
Arg) and bind in an orientation opposite to
that of class II peptides, Px#PxR (9). Most of
the yeast SH3 domains selected proline-rich
peptides that aligned with the typical Class I
or Class II consensus sequence (Fig. 1). Be-
cause of ancient chromosomal duplications,
several SH3 proteins occur as pairs of paral-
ogs (Myo3/MyoS5, Yfr024c/Ysc84, and
Ygr136w/Ypr154w). The SH3 domains of
paralogs selected highly similar peptides, re-
sulting in a similar consensus (Fig. 1). A few
SH3 domains selected peptides conforming
to a highly unusual consensus. Bem1-1 SH3
domain selected peptides containing a Ppx-
VxPY and Fusl SH3 domain selected pep-
tides with an RxxR (s/t)(s/t) SI consensus.

Step 2: We used the consensus sequences
to search the yeast proteome for potential
natural SH3 ligands. For 18 SH3 domains, we
compiled a position-specific scoring matrix
(PSSM) by calculating the frequency with
which each amino acid was found at each
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position of the selected nonapeptides. The
PSSM contained 9 columns (one for each
peptide position) and 20 rows (one for each
amino acid). To infer the ligands, we first
defined a basic consensus pattern—for exam-
ple, RxxPxxP or PxxPxR—for each SH3 do-
main, and then used the PSSM to score all
yeast peptides containing the consensus pat-
tern. Peptides with the top 20% scores were
considered potential ligands (7).

Because many of the yeast SH3 domain
proteins have functionally connected roles
in signal transduction and actin assembly,
we tested whether they could be represent-
ed as a network of interacting proteins (/0).
The data were first imported into the Bio-
molecular Interaction Network Database
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(BIND) (/1), then formatted with BIND
tools (7) and exported for visualization in
the Pajek package (/2), a program original-
ly designed for the analysis of social net-
works. The resulting protein-protein inter-
action map derived from the phage-display
analysis (Fig. 2A) contains several known
interactions [e.g., Shol SH3-Pbs2 (/3) and
Rvs167 SH3-Abpl (14)].

Abstracting the network as a graph per-
mits analysis of the interactions with graph
theoretical algorithms. Proteins are repre-
sented as nodes in the graph and interac-
tions are represented as edges connecting
the nodes. A subset of interconnected pro-
teins in which each protein has at least &
interactions (where k is an integer) forms a

Class | Class Il Unusual
Bem1-1 PPXxVXPY
Fus1 Rx xRststsl
Abp1 rk x xpx xPxrkPxwié
Myo3 Px@ p P B x xB
Myo5 PFPxE p P ENMx x§
Pex13 R x 1 P x %P
Sla1-3 hR = p P x p P
Sho1 s kr x L [P x x P
Ygri136w R x rk #28 x 1 P Px #PxRp
YpriS4w @ kr B P p # x 1 P PP $#PxREP
Yhi0o02w yR p ¢ P x x P fRxxxhYt
YscB4 B x LB x R
Yfr024c Pp LEExXRP
Rvs167 R x # P 2 pP PP #PPR
Bzz1-1 K krkx P P p XP
Bzz1-2 kr krp P P P p# P
Bbc1 R krx P x pP P kr # Ex RP
Boi1 R = x Bz xB p/BER x BrBR#
Boi2 p PR n P xBR#
Nbp2 Px B P a P x x P

Fig. 1. Consensus sequence of yeast SH3 peptide ligands. The consensus peptides were derived
from an alignment of the selected phage-display peptides (x, any amino acid; lowercase letters,
residues conserved in 50 to 80% of the selected peptides; uppercase letters, residues conserved in
more than 80% of the selected peptides). Abbreviations for the amino acid residues are as follows:
A, Ala; H, His; K, Lys; L, Leu; N, Asn; P, Pro; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr; #, hydrophobic
residues; @, aromatic residues. The consensus sequences corresponding to Class | peptides, first
column; Class Il peptides, second column; unaligned, third column.

Fig. 2. (A) Yeast SH3 domain
protein-protein interaction
network predicted by means
of phage display—selected
peptides. In total, 394 inter-
actions and 206 proteins are
shown; a network with each
gene name labeled is includ-
ed in the supplementary ma-
terial (7). The proteins are
colored according to their k-
core value (6-core, black;
5-core, cyan; 4-core, blue;
3-core, red; 2-core, green;
1-core, yellow), identifying
subsets of interconnected
proteins in which each pro-
tein has at least k interac-
tions. Here, lower core num-

bers encompass all higher core numbers (e.g., a 4-core includes all the
nodes in the 4-core, 5-core, and 6-core). The interactions of the 6-core
subgraph are high-lighted in red. (B) The 6-core subgraph derived from
the phage-display protein-protein interaction network, expanded to al-
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k-core. These cores represent proteins that
are associated with one another by multiple
interactions, as may occur in a molecular
complex. The k-cores for the phage-display
network were computed by using a core
finding function in BIND (/7) and colored
accordingly (Fig. 2A). The most highly
connected core of the phage-display net-
work was a single six-core subgraph, i.e.,
each protein in the subgraph has at least six
interactions with other proteins in the sub-
graph (Fig. 2B). This core may represent a
single complex; however, because the net-
work does not take into account temporal
expression or protein localization informa-
tion, other interpretations are possible.

To assess the significance of this six-core,
we constructed models of the phage-display
network by randomly permuting its interac-
tions. Modeling 1000 different random net-
works resulted in an average core number of
4.01 (SD = 0.12); therefore, the observation
of a highly connected six-core within the
phage-display network was unlikely to occur
by chance. The proteins within the six-core
include several SH3 proteins—Abpl, Slal,
and Rvs167 (8, 14)—involved in cortical
actin assembly; Las17, the yeast homolog of
human Wiskott-Aldrich Syndrome protein
(WASP), which binds to and activates the
Arp2/3 actin nucleation complex (/5—19);
Acf2 (Pcal), a protein required for Lasl7-
dependent reconstitution of actin assembly in
vitro (15); and several SH3 proteins of un-
characterized function: Bbcl, Yfr024c,
Ypr154w, Ygr136w, and Ysc84.

Step 3: To derive a second protein-protein
interaction network for comparison with the
predicted phage-display network, we con-
ducted a series of two-hybrid screens (20)
with 18 different SH3 domain proteins as
well as several proline-rich targets (Bbcl,
Bnil, Lasl7, and Vrpl) as bait (7). We
screened many of these proteins or protein

low identifi-cation of individual proteins. The 6-core subset contains
eight SH3 domain proteins (Abp1, Bbc1, Rvs167, Sla1, Yfr024c, Ysc84,
Ypr154w, and Ygr136w) and five proteins predicted to bind to at least six
different SH3 domains (Las17, Acf2, Ypr171w, YglO60w, and Ynl094w).
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domains against both a genome-wide array of
yeast Gal4 activation domain—open reading
frame fusions and conventional two-hybrid
libraries. In addition, we assayed directly for
two-hybrid interactions between the SH3 do-
mains and several proline-rich targets. Most
of the resulting interactions (Fig. 3A) have
not been reported previously. For example,
only seven of the interactions within this
network were identified by previous large-
scale two-hybrid screens (20-22), indicating
that these screens were far from saturating
and suggesting that thousands of two-hybrid
interactions remain to be identified for the
yeast proteome.

Step 4: We determined the common el-
ements of the phage-display and two-hy-
brid interaction networks by finding the

Fig. 3. (A) Two-hybrid SH3 A
domain protein-protein in-

teraction network. Two-hy- %
brid results, based largely on o 7
screens with SH3 domains as -
bait, generated a network
containing 233 interactions
and 145 proteins. A network
with each gene name labeled
is included in the supple-
mentary material (7). Pro-
teins are colored according
to their k-core value (see Fig.
2A). The largest core of the
two-hybrid network is a sin-
gle 4-core (blue nodes). In-
teractions common to the
phage-display network are
highlighted in red. (B) Over-
lap of the protein-protein in-

teraction networks derived from phage-display and two-hybrid analysis.
Expanded view of the common elements of the phage-display and
two-hybrid protein-protein interaction networks, 59 interactions, and 39
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intersection of the data sets, where the el-
ements of the data sets are binary protein-
protein interactions and the interaction
comparisons were considered reflexive
(i.e., A-B = B-A). Only a subset of the
interactions within the two networks is ex-
pected to overlap (23). In particular, the
phage-display and two-hybrid analysis
should identify different sets of false-posi-
tive interactions, excluding them from the
overlap network. In total, 59 interactions in
the phage-display network were also found
in the two-hybrid network (Fig. 3B). To
determine the significance of this overlap,
we created random phage-display networks
by keeping the SH3-containing proteins
and the number of interactions they partic-
ipate in as a constant and randomly picking

proteins (7). All of these interactions are predicted to be mediated (7).

interacting partners from the yeast pro-
teome (7). In 1000 random networks with
an average of 206 proteins (SD = 4.05), the
average overlap was 0.84 interactions
(SD = 1.01). Thus, the phage-display anal-
ysis was highly enriched for interactions
common to the two-hybrid network. Fur-
ther, the overlap network was enriched for
literature-validated interactions (24), over
threefold compared with the two-hybrid
network and over fivefold compared with
the phage-display network, suggesting that
most of these SH3 domain interactions are
likely to be physiologically relevant.

To examine the in vivo relevance of some
of the interactions predicted by this strategy
(Fig. 3B), we focused on further analysis of
the WASP homolog Las17, which localizes

directly by SH3 domains. The arrows point from an SH3 domain protein
to the target protein. Additional evidence to support the relevance of
several of these interactions is provided in the supplementary material

A Bbci-Myc + + + + Bzz1-Myc + + + + B
Las17-HA - + - + las17-HA - + - + Experimental
Anti- Anti-
Myc THER e Myc - -
Anti- Anti-
HA - - HA - —
Extract HAIP Extract HAIP
Ygri36w-Myc + + + <+ YpriS4w-Myc + 4+ 4+ <+
Las17-HA - + - + Las17-HA - + - +
Anti- Anti-
Myc —— Myc T Inferred
v 1Dy 1 .
Extract HAIP Extract HAIP
Yfr024c-Myc + + + + Ysc84-Myc + <+ + +
Las17-HA - + - + Las17-HA - + - +
Anti- Anti-
Myc o Myc == -
Anti- Anti-
HA L= HA L
Extract HAIP Extract HAIP

Fig. 4. (A) Interactions of SH3 domain proteins with Las17 in vivo. For coimmuno-
precipitation of SH3 domain proteins with Las17-HA, extracts prepared from cells
expressing Las17-HA and either Bzz1-Myc, Bbc1-Myc, Ygr1i36w-Myc, Ypr154w-Myc,
Yfr024c-Myc, Ysc84-Myc, or no additional Myc-tagged protein were immunopre-
cipitated with anti-HA. The immunoprecipitated Las17-HA was detected by immu-
noblot analysis with anti-HA, and the coimmunoprecipitated proteins were detected
by immunoblot analysis with anti-Myc (7). (B) Schematic representation of potential
complexes formed by SH3 domain interactions with specific proline-rich peptides of
Las17. Five different proline-rich Las17 peptide fragments were displayed by fusion
to the D capsid protein of bacteriophage lambda, and their reactivity with SH3
domains was tested by ELISA assay (7). The positive interactions observed in the
ELISA experiments are shown in the upper part of the figure, whereas the interac-

tions inferred by phage display are shown in the lower part. The fragment boundaries are Las17-1 (153-190), Las17-2 (306-336), Las17-3
(339-366), Las17-4 (374-403), and Las17-5 (423-476), respectively. For the Myo3/Myo5 paralog pair, only Myo3 was tested by ELISA assay.
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to cortical actin patches and interacts directly
with several proteins involved in actin assem-
bly. The network overlap predicts that the
SH3 domains of 10 proteins may bind to a
central proline-rich region of Lasl7, includ-
ing three known binding partners Myo3,
MyoS5, and Rvs167 (16—18); proteins identi-
fied previously by two-hybrid screens
Yfr024c, Ygr136w, YprlS4w, and Ysc84
(19-22); and previously unidentified partners
Bbcl (25), Bzzl, and Shol. This extensive
set of interactions appears to be specific for
Las17 because other actin-assembly proteins
with proline-rich regions (Bnil, Bnrl, and
Vrpl) were predicted to bind to only the SH3
domains of Myo3 and MyoS. The Lasl7
interactions appear to occur in vivo, because
Myc epitope—tagged versions of six predicted
binding partners coimmunoprecipitated with
hemagglutinin (HA) epitope—tagged Lasl7
(Las17-HA) when expressed at normal
amounts in yeast (Fig. 4A). In the case of the
Bzz1-Las17 interaction, genetic and localiza-
tion experiments further confirmed its phys-
iological relevance (26). Thus, at least nine
different SH3 proteins associate with Lasl7
in vivo. Most of these proteins are highly
conserved (8), suggesting that analogous
complexes may occur for WASP-like pro-
teins of higher eukaryotes.

The motifs derived from the phage-dis-
play experiments also predict the region of
the target protein that binds the SH3 do-
main (Fig. 4B). To test this prediction, we
displayed five Lasl7 proline-rich peptide
fragments as fusions to the D capsid protein
on bacteriophage lambda (7) and analyzed
the binding of these fragments to a panel of
SH3 domains in an enzyme-linked immu-
nosorbent assay (ELISA). Apart from
Myo3, whose best predicted target, in the
Las17-5 fragment, was not confirmed ex-
perimentally, the phage-display ligand al-
gorithm consistently predicted the Lasl7
fragment that showed the strongest binding
(Fig. 4B). These findings indicate that
Lasl7 contains multiple binding sites of
comparable affinity for several SH3 do-
mains and suggest that Las17 may form one
or more complexes containing multiple
SH3 domain proteins.

The strategy described here has several
features that make it particularly effective
in the identification of relevant protein-
protein interaction networks. First, both
phage-display and two-hybrid analysis take
full advantage of genomic information.
Second, the two approaches are highly or-
thogonal in their respective strengths and
weaknesses. Phage display uses in vitro
binding and short synthetic peptides,
whereas two-hybrid analysis uses in vivo
binding and native proteins or protein do-
mains. Third, the combined strategy is rap-
id and general. It can be implemented

REPORTS

readily for other peptide recognition mod-
ules, apart from those that bind to ligands
with cell type—specific modifications, and
other organisms with a sequenced genome.
Fourth, this method predicts precise bind-
ing sites.
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