Systematic Discovery of New Recognition Peptides

conﬁdence threshold (p-value , 0.001) for Scons for each
dataset (see Materials and Methods). Note that this threshold
does not necessarily reﬂect the accuracy in terms of
identifying binding motifs, only that the particular sequence
pattern reported is very unlikely to arise by chance. It is
possible that patterns can arise for other reasons, including
localization signals or other sequence features common to
protein performing similar function.
Known motifs come in different ﬂavours, for instance
canonical SH3-binding motifs (PxxP) are embellished with
different amino acids, which determine the speciﬁc SH3containing protein they bind (e.g., RxPxxP and PxxPxK). The
sets of proteins above (i.e., those sharing an interaction
partner) are appropriate for ﬁnding such motif ﬂavours
because each protein containing a particular instance of a
domain (e.g., SH3) is considered separately. However, it is also
beneﬁcial to detect more general motifs speciﬁc to a domain
family. To do this we simply merge sets if the common
binding partners shared a particular domain. We refer to
these as ‘‘domain’’ sets in the sections that follow (see
Protocol S1 and Figure S1).

these regions, and including them can give rise to misleading
motif signals, particularly if common domains are found in
more than one protein in a set. Most importantly, this avoids
the detection of repetitive, purely structural patterns, such as
b-turns, coiled-coil heptads, or collagen repeats, because
these are unlikely to occur in the unstructured parts of
proteins that remain after this ﬁltering. We also compare all
sequences in a set to each other and leave only one
representative of any homologous segments. We do this in
order to measure over-representation that is not the result of
homology; our assumption is that each of the remaining
instances of a particular motif has arisen convergently and is
thus an independent observation. We speciﬁcally avoid
removing regions of low complexity because linear motifs
frequently occur within them.
We then ﬁnd all three to eight residue motifs in the
remaining sequence [9], and score their over-representation
as the binomial probability (P) of seeing them randomly in a
similar set of sequences (see Materials and Methods). This
allows multiple observations of an otherwise insigniﬁcant
motif to become statistically signiﬁcant by over-representation, and readily accounts for sets of different sizes and
composition. For example, the SH3-binding pattern RxPxxP
readily occurs in about one out of 20 randomly selected
proteins, but its occurrence in seven sequences in a set of
nine becomes highly signiﬁcant. We also compute P for all
closely related species based on whether or not the same
motifs are seen in the corresponding orthologues, and
multiply these to give a ﬁnal score (Scons ; see Materials and
Methods).
We applied our approach to interacting sets of proteins
from Saccharomyces cerevisiae, Drosophila melanogaster, Caenorhabditis elegans, and Homo sapiens [10–14]. For the ﬁrst three
species, these datasets are from yeast two-hybrid screens;
human data comes from the human Proteome Resource
Database (HPRD) [14] and consists of hand-curated interactions extracted from the literature (see Protocol S1). For
each dataset, we constructed a control by selecting random
sets of proteins of a similar length and number, and
performed the same calculations. We then deﬁned a

Benchmark
The Eukaryotic Linear Motif resource (ELM) [5] contains a
curated set of experimentally validated instances of binding
motifs (i.e., their location in a particular protein). This
provides several pertinent sets of proteins to test the
approach, namely each set of proteins containing a known
instance of a particular motif (e.g., all PxxP motif–containing
sequences known to interact with SH3 domains). Of 58
different sets, 22 contained at least four non-homologous
instances of the motif, and could be used to test our
approach. We ran the procedure on each set and monitored
where the known motif (or a variant) was found in the list of
all motifs ranked according to Scons. Despite many thousands
of possibilities, the approach detected the correct motif as
the very best ranked for 14 out of 22 and among the top ten
for an additional three (Table1). Applying the conﬁdence
threshold left eleven correct motifs at ﬁrst rank, and no false
predictions (see legend to Table1). Inspection showed that
those motifs that were either missed or scored poorly were

Figure 1. Schematic of the Linear Motif Discovery Strategy
Interaction maps are probed for interaction sets (A): Partners of proteins with multiple interactions are clustered together when there are no known
sequence features present (B). Domains and homologous regions are then identified (B) and removed prior to running exhaustive pattern discovery (C)
to produce a list of motifs ranked by their probabilities P (D). Hypothetical motifs are shown as coloured squares in (C) and (D). ‘‘Proteins’’ in (D) gives
the set of proteins containing at least one copy of the motif.
DOI: 10.1371/journal.pbio.0030405.g001
PLoS Biology | www.plosbiology.org

0002

December 2005 | Volume 3 | Issue 12 | e405

