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One Sentence Summary: A resource centered on short linear motifs provides a repository
and exploratory tool for conditional protein interactions.

Abstract: Short linear motifs (SLiMs) are protein interaction sites that play an important
role in cell regulation by controlling protein activity, localization, and local abundance. The
functionality of a SLiM can be modulated in a context-dependent manner to induce a gain,
loss, or exchange of binding partners, which will affect the function of the SLiM-containing
protein. As such, these conditional interactions underlie molecular decision-making in cell
signaling. We identified multiple types of pre- and post-translational switch mechanisms
that can regulate the function of a SLiM and thereby control its interactions. The collected
examples of experimentally characterized SLiM-based switch mechanisms were curated in
the freely accessible switches.ELM resource (http://switches.elm.eu.org). On the basis of
these examples, we defined and integrated rules to analyze SLiMs for putative regulatory
switch mechanisms. We applied these rules to known validated SLiMs, providing evidence
that over half of these are likely to be pre- or post-translationally regulated. In addition,
we showed that post-translationally modified sites are enriched around SLiMs, which
enables cooperative and integrative regulation of protein interaction interfaces. We foresee
switches.ELM complementing available resources to extend our knowledge of the
molecular mechanisms underlying cell signaling.

Introduction

Tight regulation of protein function is vital for reliable and robust control of cell physiology
and is enforced at every stage of a protein’s life cycle (1). This includes control of local
protein abundance by modulating gene transcription, mRNA decay, translation efficiency,
protein degradation, subcellular localization, and scaffolding (1, 2). Furthermore, pretranslational mechanisms, such as alternative promoter usage, alternative splicing, and RNA
editing, can produce functionally distinct protein species derived from the same gene (3-5).
Most commonly however, protein function is controlled at the post-translational level
through interactions mainly with other proteins but also with other cellular components
including membranes, small molecules, and nucleic acids (6-9). Regulatory interactions are
often context-dependent and the function of a protein can be altered by rewiring its
interaction network in response to a specific signal. As such, these conditional interactions
control whether and how subsequent signaling proceeds to elicit appropriate responses to
internal and external cues, and thereby mediate molecular decision-making in cell regulation
(10-16).

Regulatory protein interactions are often mediated by motifs [also referred to as short linear
motifs (SLiMs)], a subset of compact and degenerate binding modules typically located in
intrinsically disordered regions (IDRs) of the proteome that lack a stable tertiary
structure under native conditions (13, 17-20). SLiMs are a spatially efficient and
convergently evolvable solution for encoding interaction interfaces (21, 22). They are
ubiquitous in eukaryotic proteomes and mediate many regulatory functions, including
directing ligand binding, providing docking sites for modifying enzymes, controlling
protein stability, and acting as signals to target proteins to specific subcellular locations.
Typically, only 3 to 4 residues of a SLiM determine the majority of the binding specificity
and affinity, hence motif-mediated interactions occur with low affinity, are transient and
reversible, and can be easily modulated (15, 20, 22). These intrinsic properties make SLiMs
ideal regulatory modules and enable them to conditionally switch between their ‘on’ and
‘off’ states or between multiple, functionally distinct ‘on’ states. Switching of a motif
between different functional states can be mediated by multiple mechanisms that often
depend on post-translational modifications (PTMs) and the cooperative or competitive use
of multiple overlapping or adjacent SLiMs (7, 15, 22, 23). Conditional switching of motif
functionality can stimulate a gain, loss, or exchange of binding partners, and thereby
regulate the function of SLiM-containing proteins in a context-dependent manner.

Pre-translational mechanisms can irreversibly control the presence and binding properties
of a SLiM, respectively, by producing protein isoforms that lack a specific motif or have a
motif with altered flanking regions (5, 24-28). Post-translationally, several mechanisms,
most commonly protein modification, can reversibly regulate motif function by switching a
single motif on or off, or by gradually altering its binding strength (29-34). When multiple
SLiMs are present, they can be used cooperatively to mediate multivalent binding, having a
more than additive effect on protein interaction strength (7, 35-38). Alternatively, multiple
overlapping or adjacent SLiMs can bind competitively to mutually exclusive interaction
partners. A signal can shift the balance of the competition in favor of a specific binding
partner (39, 40), or mediate a sequential exchange of binding partners by altering the
specificity of the SLiM-containing region in a stepwise manner (41, 42). These different
modes of motif regulation are widely used in the cell and mediate conditional,
combinatorial, and fine-tuned control of protein function (15). This includes controlling the
subcellular localization of proteins or protein isoforms, temporally and spatially regulating
their stability, and directing the assembly of functionally distinct signaling complexes
depending on prevailing conditions (1, 15, 37, 38).

Despite being prevalent in and imperative for dynamic and robust cell regulation, the
mechanisms that control SLiM-mediated interactions through context-dependent switching
of motif function, and thereby control the function of SLiM-containing proteins and the
processes they regulate, are not fully captured in the currently available resources. Here, we
present the switches.ELM resource (http://switches.elm.eu.org), which consists of a
categorized repository of 710 manually curated, experimentally validated instances of
SLiM-based switch mechanisms that we collected from the literature. On the basis of these
instances, we defined a set of rules to suggest switch mechanisms for SLiMs. These rules
were integrated in the resource to enable users to explore a motif of interest for
putative
regulatory mechanisms and to direct them to the relevant literature and data sources. We
then applied these rules to analyze the 2,070 experimentally validated SLiMs that are
manually curated in the Eukaryotic Linear Motif (ELM) database (43). This survey
provides suggestive evidence that over half of the characterized SLiMs are likely to be preor post-translationally regulated. In addition, we elaborated on a previous study (23)
and found that modification sites are enriched in regions flanking the validated SLiMs from
ELM, and that a large portion of modification sites regulating annotated switch instances

are modified by multiple enzymes. Finally, we found that SLiMs involved in the curated
switches are more likely to be located in non-constitutive exons compared to SLiMs in
general, and are thus more likely to be removed from specific protein isoforms.

Results

Collection and categorization of switches.ELM data
In the context of switches.ELM, a ‘switch mechanism’ is a regulatory process that controls
SLiM-mediated interactions by modulating the function of a SLiM, and hence affects the
function of the SLiM-containing protein due to the concomitant gain, loss, or exchange of
binding partners. The modulation of motif function can be mediated by a pre-translational
mechanism, the addition of a PTM, or the binding of a molecule. The experimentally
validated instances of SLiM-based switch mechanisms curated in the switches.ELM
resource were collected by a literature survey (see Materials and Methods). On the basis of
the mechanism that mediates switching of motif functionality, these instances were
classified into different switch types and subtypes, listed with examples in Table 1 and
explained in

detail here. It should be taken into consideration that the curated switch instances were
regarded in isolation; however, in a biological context, these definitions partially overlap
and the different mechanisms combine to mediate higher-order regulatory functions that
allow integration of multiple signals. Also, some instances have a unique regulatory
mechanism and are currently labeled as uncategorized switches. As more instances
accumulate, these switches may be worthy of a novel switch type or subtype.
Simple ‘binary’ switches shift between two distinct functional states of a motif. This can be
either the ‘on’ and ‘off’ states, or two ‘on’ states with different affinities for a single
binding partner. On the basis of the mechanism that regulates switching between the two
states, different subtypes were defined. A first subtype comprises the ‘altered
physicochemical compatibility’ switches that are regulated by addition of a PTM to a
residue in or adjacent to a SLiM. Due to their specific structural and physicochemical
properties, PTMs can alter the intrinsic specificity or affinity of a SLiM for its binding
partner (29-31). For example, the addition of a PTM to a specific residue within a SLiM
is often a prerequisite for a SLiM-mediated interaction (44), whereas a PTM adjacent to a
SLiM can enhance the strength of an interaction (45). Alternatively, a PTM can partially or
completely inhibit an interaction by rendering a SLiM physicochemically incompatible with
its binding partner (46). The ‘allostery’ switches are a second subtype comprising SLiMs or
SLiM-binding globular protein domains whose binding properties are modulated indirectly
by allosteric effects induced by the addition of a PTM or by the binding of an effector
molecule to a site that is distinct from the actual interaction interface (35, 47-49). ‘Pretranslational’ switches are the third and final subtype of binary switches.
mediated

by

pre-translational

mechanisms

These

are

that irreversibly alter motif presence or

function, either by isoform-specific removal of a SLiM-containing exon or by generating
isoforms whose SLiMs show different binding specificity or affinity due to variations in

their flanking regions (5, 25-27, 50-53).

Other, more complex mechanisms exist to regulate the function of a single motif. The
‘cumulative’ switches modulate motif functionality by multisite modification, meaning the
addition of PTMs to multiple residues in or adjacent to the motif (32). A subtype of
cumulative switches is the ‘rheostatic’ switches, which gradually alter the affinity of a
motif for a single binding partner by the addition of multiple PTMs that additively
strengthen or weaken the interaction. This enables fine-tuned control of motif activity
depending on the strength of a signal or integration of multiple signals (33, 34, 54). Another
more complex switch type acting on single motifs consists of ‘pre-assembly’ switches,
which require prior formation of a complex as a prerequisite for a SLiM-mediated
interaction to occur. A subtype of the pre-assembly switch is the prerequisite formation of
a ‘composite binding site’ that spans more than one component of the complex.
Because neither component on its own contains a functional motif-binding domain,
binding of the motif only occurs in the context of the active, fully assembled complex (55).

The small footprint of SLiMs facilitates the occurrence of regions with high functional
density containing multiple motifs that can bind cooperatively or competitively. ‘Aviditysensing’ switches involve multiple motifs that mediate high-avidity binding, effected by
low-affinity s i n gl e interactions that have a more than additive effect on binding
strength (7, 35, 37). These high-avidity binding events can be mediated by multiple motifs
within a single protein, even if the motifs are separated by large distances. The motifs can
also be distributed over more than one protein, thereby promoting multi-protein complex
formation. High-avidity interactions are indispensible for cell signaling, as they mediate the
assembly of large meta- stable signaling complexes at a biologically relevant time-scale
and contribute to the switch-like activation of the emergent properties of these complexes
(36, 38). Alternatively, adjacent or overlapping motifs can bind in a mutually exclusive

manner and thus promote competitive binding (22). The outcome of the competition
depends on the intrinsic specificity and affinity of the SLiMs for, as well as the local
abundance of, the competitors; modulating either of these can shift the balance in favor of a
specific interactor. Mutually exclusive interaction interfaces are characterized by
distinct ‘on’ states, and ‘specificity’ switches can mediate a regulated exchange of the
distinct binding partners through different mechanisms, characterized by their subtypes.
‘Competition’ switches between mutually exclusive SLiMs depend on local target protein
abundance, which can be regulated by changing the expression level or subcellular
localization of the competitors, as well as by scaffolding (1, 15, 40, 56, 57). ‘Altered
binding specificity’ switches tip the balance of the competition for mutually exclusive
SLiMs in favor of one of the interactors by PTM-dependent modulation of the intrinsic
specificity or affinity of the binding region (39). In addition, multiple, successive PTMs
allow sequential switching of different binding partners in an ordered manner by stepwise
alteration of binding specificity (41). A common and biologically important subset of
competition switches involves mutually exclusive interactions where there is strong
preferential binding of one of the competing interactors, either due to a large difference in
the intrinsic specificity or affinity of the binding region for a specific competitor, or due to
a large difference in the local abundance of the competitors. The interaction that is favored
thus inhibits binding of a mutually exclusive interactor. ‘Motif hiding’ switches can
preclude a motif from binding by sterically blocking its accessibility through binding of a
protein to an overlapping or adjacent motif (58, 59). Similarly, ‘domain hiding’
switches can sterically block binding of a SLiM to a domain by binding of another molecule
to an overlapping site on the domain (60, 61). With respect to the functional outcome, these
switches act in a binary fashion, and activation of the masked binding region depends
on active removal of the preferred interactor.

Curation and visualization of switches.ELM data

The first release (version 1.0, March 2013) of the switches.ELM resource contained 710
manually curated switch instances, involving 817 distinct interactions mediated by 664
different SLiMs in 409 proteins. For each of these instances, different types of information
were annotated to accurately describe the switch mechanism (see Materials and Methods).
Each switch instance contains one or more SLiM-mediated interactions, with each
interaction comprising two interactors. A specific switch mechanism modulates the function
of a SLiM in one of the interactors and thereby regulates its interactions. The switch
mechanism depends on a pre-translational mechanism, the addition of a PTM, or binding of
a molecule. It can be reversible or irreversible and can either positively or negatively affect
a specific interaction. A positive effect can be either induction or enhancement of an
interaction, whereas a negative effect can be partial inhibition or complete abrogation of an
interaction. Also, interdependencies between different interactions were annotated. An
interaction can be mutually exclusive with one or more other interactions or, in contrast,
require one or more previous interactions to occur. Interactions that occur in a specific,
defined order were numbered according to their position in the sequence of binding events.
The context-dependency of the switches is captured by adding temporal, spatial and
contextual conditionality to the interaction data. These data were either manually curated
(table S1) or computationally inferred (table S2) (see Materials and Methods). This
includes, when applicable, manual curation of the cell cycle phases during which a switch
is active. Also, subcellular localization data were manually annotated, retrieved from
manually curated localization data in ELM (43), or inferred from the Gene Ontology (GO)
resource (62). Furthermore, pathways in which a switch is involved were manually
annotated or inferred from the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (63). For interactions regulated by PTMs, modifying enzymes were manually
curated or inferred from the phosphoSitePlus (64) and phospho.ELM (65) resources. All
curated and inferred data can be downloaded from the website in tab-separated values (tsv)

format. Data from version 1.0 are supplied in the supplementary tables S1 and S2.

The curated switches can be browsed by different categories, which are color-coded, or
searched on the basis of all annotated information by user-defined search terms. Each switch
instance can be viewed in a visual output that gives a clear and detailed overview of the
regulatory mechanisms (Fig. S1), including a concise text description, the type of switch,
the participating molecules, the binding interfaces that mediate the interactions, and
information on how interactions are regulated. The curated and inferred cell cycle phase,
subcellular localization, pathway and modifying enzyme data are provided as contextual
information. For a sequence-centric view, an alignment of orthologous proteins
corresponding to the protein region containing the SLiM of interest is shown (Fig. S1).

Biologically relevant data, including genomic data (66), interaction interfaces (43, 67),
modification sites (64, 65), mutation data (66), and structural information (68, 69), are
mapped to the region and displayed. A diagram of the complete protein architecture is also
provided to situate a switch in the context of the whole protein. Data displayed in this
overview includes other switch instances curated for the protein, SLiMs, protein domains,
PTM sites and secondary structure. Detailed descriptions for all data used in the switches
output view are shown upon hovering over a feature, whereas clicking on the feature
navigates to the corresponding external data source (43, 62-68, 70-73).

The switches.ELM exploratory analysis tool

To enable users to submit and analyze a motif of interest for putative switch mechanisms
regulating its function, a rules-based analysis tool was developed and integrated in
switches.ELM (Fig. S2). The tool is designed to be exploratory and is thus deliberately
over-predictive, as it puts forward all hypotheses concerning regulation of the entered motif

that can be inferred given the available data. Further reading of the relevant literature, which
is presented to the user, is necessary to gain an understanding of the true regulatory
mechanisms. The switch mechanisms for a motif suggested by the tool are inferred from
rules that were defined for the different switch types and subtypes on the basis of SLiMspecific modes of regulation and on the curated switch instances (see Materials and
Methods).

Some SLiM classes annotated in ELM are not intrinsically active and require switching to
be functional. For motifs that can be mapped to the motif patterns defined for the different
motif classes in ELM (43), rules specific to these motif classes are applied. For
example, some motif classes require a PTM for binding, whereas others are known to be
allosterically regulated or to depend on formation of a composite binding site. Also, some
SLiM classes are known to mediate multivalent binding when at least two motifs of the
same class are present in a protein. Finally, some motifs have been observed to mediate
intra-molecular interactions, which enable regulation by motif and domain hiding if a
protein contains both the motif and the corresponding motif-binding domain.

Additional general rules were defined on the basis of the collected switch instances. The
presence of one or more experimentally determined PTM sites, retrieved from
phosphoSitePlus (64) and phospho.ELM (65), within 20 residues up- or downstream of a
motif is suggestive of an altered physicochemical compatibility or rheostatic switch
mechanism, respectively. For motifs contained within a non-constitutive exon that is
specifically removed from one or more protein isoforms [on the basis of isoform data
curated in UniProtKB (66)], pre-translational switching is suggested. The presence of
overlapping or adjacent (within 20 residues) motifs might confer regulation by competition
or motif hiding. Altered binding specificity is proposed as a switch mechanism if the
conditions for both competition and altered physicochemical compatibility are met.

Analysis of ELM instances for putative switch mechanisms

To suggest novel regulatory mechanisms for previously characterized SLiMs, we applied
the set of rules describing the switch mechanisms to the 2,070 experimentally validated
SLiMs curated in the ELM database as of November 2012 (43) (see Materials and
Methods). A total of 1,789 switch mechanisms were proposed for the 2,070 ELM
instances, and hence, on average a motif annotated in ELM was suggested to be regulated
by 0.86 switch mechanisms (Fig. 1A). Confidence in the suggested switch mechanisms
varies. Several of these are inherently correct, such as pre-translational switching of
functional motifs in non- constitutive exons, whereas others, such as rheostatic switches,
would require extensive biochemical characterization to be validated. In all, 1,058 (51.1%)
of the 2,070 ELM instances had proteomic or genomic evidence suggestive of a pre- or
post-translational regulatory switch mechanism (Fig. 1B). 375 of these (18.1%) had
experimental evidence for a switch mechanism available and were curated in
switches.ELM. 681 (32.9%) ELM instances were modified by PTMs on residues within or
adjacent (within 5 residues of a defined residue) to the motif (Fig. 1A), whereas 214
(10.3%) were modified on defined residues (excluding modification sites used to induce
binding to protein domains that recognize a specific PTM on a specific motif residue).
These defined residues are typically in direct contact with the binding partner and contribute
most of the binding specificity and affinity. Hence, the addition of a PTM to such a residue
will likely have a strong effect on the binding properties of the motif. In addition, 218
instances (10.5%) were modified by PTMs on multiple adjacent positions (within 5
residues of a defined residue), potentially enabling integration of upstream signals acting
rheostatically, through priming, or through independent modification sites (Fig. 1A). 115
(5.6%) o f t h e SLiMs annotated in ELM occurred within 20 residues of each other,
suggesting that they may mediate mutually exclusive binding events (Fig. 1A). 304 (14.6%)

of the ELM instances occurred in non-constitutive exons, corroborating a recent study
showing preferential splicing of SLiM-containing exons (24) (Fig. 1A). All switch
mechanisms suggested by the switches.ELM tool to regulate motifs curated in ELM are
listed in the supplementary table S3 and are available as an interactive results page on the
switches.ELM website.

Analysis of ELM instances suggested many switch mechanisms that might regulate known
functional motifs. Although direct experimental confirmation could be found in the
literature for some of these, evidence was either circumstantial or absent for many others.
Some representative examples of the latter are discussed here to demonstrate how
hypotheses developed from suggestions made by switches.ELM can direct further
experimental elucidation of these systems and how the tool can be useful to guide and focus
experimental research aimed at interpreting high-throughput modification data.

Example 1. The transcription intermediary factor 1-β (TIF1-β) functions as a co- repressor
of heterochromatin protein 1 (HP1) homologs to mediate transcriptional repression of genes,
including cell cycle enhancers like cyclin-A2 (CCNA2) (74). The switches.ELM tool
suggested several switch mechanisms for the HP1-binding motif of TIF1-β, including an
altered physicochemical compatibility switch mediated by phosphorylation of the Ser489
residue. This suggestion resulted from integration of data from a large-scale study of cell
cycle-regulated protein phosphorylation, which showed increased phosphorylation of TIF1βin cells arrested in M phase compared to cells arrested in G1 phase of the cell cycle (75).
Two sites with increased phosphorylation were Ser473 and Ser489, which are adjacent to and
part of, respectively, the HP1-binding motif. Phosphorylation of Ser473 has previously been
shown to inhibit binding of TIF1-β to HP1 and to be associated with induction of CCNA2
expression at S phase (74). Thus, direct phosphorylation of the motif on Ser489 might
serve the same purpose, because it occurs under similar conditions and probably has the

same, if not stronger, effect on binding to HP1. This example shows how the
switches.ELM tool offers testable hypotheses by integrating motif and PTM data from lowand high-throughput experiments.

Example 2. The erythropoietin (EPO) receptor (EPOR-F) stimulates proliferation and
terminal differentiation of committed erythroid progenitor cells in response to its ligand.
EPO-induced dimerization of the receptor initiates Janus kinase (JAK) and signal
transducer and activator of transcription (STAT) signaling. Recruitment of a JAK dimer to
the EPOR-F results in tyrosine-specific phosphorylation of the receptor, which creates
docking sites for STAT proteins. The latter become phosphorylated by JAK, translocate to
the nucleus and initiate transcription of target genes, including anti-apoptotic factors such as
B-cell lymphoma 2 (BCL2) (76, 77). Early-stage progenitor cells predominantly express the
truncated EPOR-T isoform, which acts as a dominant-negative receptor for EPO-mediated
signaling. In addition, cells transfected with EPOR-T are more susceptible to apoptosis (78).
The switches.ELM tool suggested that these observations might be explained by a pretranslational switch that removes two SH2-binding motifs, which are involved in phosphodependent recruitment of STAT proteins, from the EPOR-T isoform.

Analysis of ELM instances for enrichment of motif-proximal modification sites

A large subset of the altered physicochemical compatibility switches curated in
switches.ELM comprised of SLiMs that are regulated by the addition of a specific PTM to a
specific residue in the motif, which induces binding to PTM-binding domains such as the
SH2, PTB, and Bromo domains (6, 29, 31). However, many motifs annotated in
switches.ELM are regulated by the addition of PTMs to residues that are distinct from these
position-specific PTM sites that induce binding to PTM-binding domains. Of the 710
curated switches, 80 are regulated by this mechanism, and the vast majority of their

switching modifications occur within 5 residues of the motif [81 (76.3%) of the 114
modification sites involved in this subset of switches]. To assess if this is a general feature
of SLiMs, the available modification data (64, 65) were mapped to the ELM instances (43)
to determine whether there was an enrichment of modification sites around validated
functional SLiMs. The residues adjacent (within 5 residues of a defined residue) to validated
motif instances had an enrichment of modification sites [690 (3.6%) of the 19,112 residues
are modified] when compared to a background dataset, in which 2,151 (2.9%) of the 73,005
residues are modified (see Materials and Methods). The proportion of PTMs present in
each set was calculated and a statistically significant enrichment of modification sites
adjacent to known motifs was found (Fig. 1C). Similar results were obtained when
modification data were restricted to only high-throughput experimentation, suggesting that
the observation is not an acquisition bias due to annotation of the modifications in the motif
literature. Also, when ELM motif instances belonging to a MOD class, which are
recognized and modified by enzymes, were omitted from the analysis, the enrichment of
modification sites adjacent to motif instances was still significant. These findings are in
agreement with results from a previous study analyzing coupling between motifs and
phosphorylation events (23).

Analysis of switches.ELM instances

Previous studies indicate that motifs are enriched in IDRs (22). We found that 479
(72.1%) of the 664 SLiMs that participate in curated switches occurred in predicted
IDRs. In comparison, 1,428 (68.9%) of the 2,070 SLiM instances annotated in ELM occur
in predicted IDRs (Fig. 2A). This slight difference is not statistically significant and can
be explained by the large number of glycosylation sites, which often occur in globular
regions, in the ELM dataset. Hence, motifs in the switches.ELM repository concur with
previous observations that motifs are enriched in IDRs (22), however, as expected, they are

no more likely to occur in IDRs than annotated functional motifs in general.

Recent analyses have shown motifs to be enriched in non-constitutive exons, which enables
isoform-specific rewiring of protein interaction networks (5, 24, 25). In addition, motifs
involved in switches curated in switches.ELM were more likely to be located in nonconstitutive exons compared to ELM instances. We find that 304 (14.7%) of the 2,070
SLiMs in ELM occurred in non-constitutive exons, whereas this was true for 126
(23.7%) of 532 SLiMs in switches.ELM (excluding the 132 motifs involved in pretranslational switches) (Fig. 2B). This difference is statistically significant, and did not
result from the bias towards human SLiMs in switches.ELM or the superior coverage for
human SLiMs in the available protein isoform data [112 (28.4%) of 395 human SLiMs from
switches.ELM compared with 232 (19.9%) of 1,168 human SLiMs from ELM] (Fig. 2B).
This indicates a tight regulation of the switch mechanisms at both pre- and posttranslational levels.

Modifying enzymes could be inferred for 182 (42.6%) of the 427 modification sites
involved in regulating PTM-dependent switches curated in switches.ELM (see Materials
and Methods) (table S2). Of the 182 sites for which modifying enzymes could be inferred,
83 (46.6%) have experimental evidence for modification by two or more distinct enzymes,
emphasizing the integrative nature of these switch mechanisms (Fig. 2C). Over 50 families
of modifying enzymes were inferred to regulate the curated switches, with the CDC2 (cell
division control protein 2, also known as cyclin dependent kinase 1), MAPK (mitogen
activated protein kinase), and the tyrosine-protein kinase SRC families being particularly
well represented.

Discussion

Intrinsically disordered interfaces, and SLiMs in particular, enable rapid and robust
regulation of protein function and activity in response to prevailing conditions and therefore
combinatorial control of cell physiology (11, 15, 22, 23). Consequently, dynamic, tunable
interactions mediated by intrinsically disordered regions of higher eukaryotic proteomes
underlie a substantial portion of the ability of cellular networks to cooperatively make
decisions (11, 15, 79-82). The compactness of SLiM interaction interfaces facilitates lowaffinity interactions that can be easily modulated and permits high functional density. This
enables SLiMs to act as switchable modules that can respond to multiple input signals to
direct cell signaling in a context-dependent manner. An additional consequence of the short
length and degeneracy of motifs is their propensity for de novo evolution, because a
functional motif can be gained or lost by a few or even a single mutation (21, 22). The
convergent evolution of new motif instances enabling recruitment of existing motif-binding
domains can add functionality to proteins by rewiring their interaction networks (21, 83).
Furthermore, the addition of SLiMs and modification sites to proteins enables highly
complex interface regulation to evolve in a modular and additive way.

The instances of SLiM-based switch mechanisms collected in the switches.ELM resource
show that many examples of motif-mediated decision-making interfaces have now been
experimentally characterized. Furthermore, using the available genomic and proteomic data
(43, 64-66), we showed evidence that many of the known motifs are regulated either pre- or
post-translationally and revealed that modified residues were enriched around known
motifs, suggesting that motif-based switches are common in higher Eukaryotes. This
synergistic relationship between motifs and modification sites, and the important regulatory
functionality afforded by these cooperatively regulated interfaces, offers an appealing
functional explanation for the extensive intrinsic disorder content of higher eukaryotic
proteomes (84) and for the many PTMs mapped to these regions (17, 19). These
observations indicate that modification sites should be considered as a mechanism for

switching the intrinsic binding specificity of the underlying sequence, through a mechanism
that is distinct from the canonical PTM-dependent sites recognized by PTM-binding
domains such as the SH2, PTB, and Bromo domains (6).

By separating SLiM-based regulatory systems into their most basic parts, such as individual
binding interfaces and PTM sites, we can gain insight into the emergent properties enabled
by cooperative use of a multiplicity of these simple modules. A publicly available database
of experimentally validated motif-based switches will assist research on cell regulatory
mechanisms and help extend our knowledge on how these systems conditionally direct cell
signaling. As we gain a better understanding of recurring regulatory mechanisms,
experimental design will advance to reflect this improved information, providing us with a
more complete view of these complex interfaces. By integrating the available information,
the rules-based switches.ELM exploratory analysis tool can guide this design by identifying
possible context-dependent modes of regulation.

The switches.ELM resource may also prove useful for systems biologists. Currently,
interaction data are captured in a binary fashion in bioinformatics resources, with limited
information on specific requirements depending on cellular context (85). The switches.ELM
resource adds temporal, spatial, and contextual conditionality to one-dimensional interaction
data to capture their context-dependency and interdependency. This conditional information
can be incorporated into rule-based systems models describing the complex regulatory
interaction networks in the cell, thereby increasing the quality and utility of such
approaches. To facilitate data exchange and analysis, collaborative efforts are underway to
integrate switches.ELM with current systems biology resources. In conclusion,
switches.ELM adds to and is complementary with a growing list of resources (43, 86-89)
that allow a better understanding of SLiMs and can help to direct their in-depth
experimental characterization.

Materials and Methods

Collection, curation and visualization of switches.ELM data

Experimentally validated motif-based switches were collected by a literature survey of
publications retrieved from directed searches in PubMed and references annotated in the
ELM database (43). Relevant publications were further mined for related citations. In
addition, we used the switches.ELM tool to analyze SLiM instances curated in ELM and
retrieve literature that experimentally validated the suggested switch mechanisms. Users are
encouraged to use the website’s submission form to submit publications describing
experimentally validated switches not yet annotated in the repository, which will be
reviewed and added to the database.

Each switch instance is described by one or more interactions, each of which comprises two
interactors that are identified by a name and identifier from an external resource
[UniProtKB for proteins (66), the Chemical Entities of Biological Interest (ChEBI)
database for small molecules (70), and the European Nucleotide Archive (ENA) for
nucleotide sequences (71)]. For each protein interactor the binding region that mediates the
interaction is annotated using an identifier referencing an external resource [ELM for SLiMs
(43), and the Protein family (Pfam) (67) or InterPro databases (72) for protein domains] and
the start and stop position of the binding region in the sequence. If the position of the
binding region given by the authors in a publication is different from that found in the
available resources, the positions that map this region to the canonical sequence in
UniProtKB were chosen.

Each switch instance is categorized by a switch type and subtype that describes how the

function of a motif in one of the interactors is switched to regulate its interactions. This
either involves a pre-translational mechanism, the addition of a PTM or the binding of a
molecule to a specific interactor. PTMs are annotated by the position of the modified
residue in the sequence and the type of modification, using the PSI-MOD controlled
vocabulary for protein modifications (90), whereas effector molecules are identified by
reference to an external resource (66, 70, 71). The switch mechanism can be reversible or
irreversible and can be positive (either induce or enhance an interaction) or negative (either
inhibit or abrogate an interaction). Interactions can be intra-molecular, mutually exclusive,
require preceding interactions, or have a specific order, in which case they are numbered
according to their position in the sequence of binding events.

Each switch instance is provided with a concise text description and a list of publications
from which it was curated. If available, structural information [Protein Data Bank (PDB)
identifier (68)] and affinity values (dissociation constant in micromolar) for the interactions
are collected. Contextual information was manually curated from the literature, retrieved
from manually curated data in ELM (43), or computationally inferred from external
resources [subcellular localization data from GO (62), pathway data from KEGG (63), and
enzymatic modification data from phosphoSitePlus (64) and phospho.ELM (65)].
Subcellular localization for 353 switch instances could be inferred from co-localization in a
cellular compartment of at least two proteins involved in the switch. Similarly, 210 switch
instances were mapped to KEGG pathways, such as the ErbB pathway (fig. S3), by cooccurrence in a pathway of at least two proteins involved in the switch. Enzymatic
modification data could be mapped to 182 of the modification sites annotated in
switches.ELM.

Biologically relevant data for the sequence-centric view of the protein region surrounding a
SLiM whose function is regulated by a switch mechanism were integrated from

various resources, and all data on a switch instance output page are linked to the
corresponding resources for more detailed information [ELM (43) for validated SLiMs;
Pfam (67) and InterPro (72) for protein domains; phosphoSitePlus (64) and phospho.ELM
(65) for modification sites; UniProtKB (66) for proteins, protein isoform data, single
nucleotide polymorphisms (SNPs) and experimental mutations; ChEBI (70) for small
molecules; ENA (71) for nucleotide sequences; KEGG (63) and Reactome (73) for
pathways; PDB (68) for structural information; GO (62) for GO terms; PubMed for
Publications; disorder scores calculated by IUPred (69); and sequence matches to ELM
regular expressions (43)].

Rules to analyze motifs for putative switch mechanisms

The motif-class specific rules were developed from motif classes annotated in ELM
that are known to be regulated by a specific switch mechanism and are applied to motifs
that can be mapped to the regular expressions of these ELM motif classes using the
CompariMotif tool (91):
(i) Altered physicochemical compatibility switches are suggested for ELM classes whose
binding is known to be induced by PTM (LIG_14-3-3 classes, LIG_AGCK_PIF_1,
LIG_BRCT_BRCA1
LIG_ODPH_VHL_1,

classes,

LIG_BRCT_MDC1_1,

LIG_PTB_Phospho_1,

LIG_SCF_FBW7

LIG_FHA

classes,

classes,

LIG_SCF-

TrCP1_1, LIG_SH2 classes, LIG_WW_Pin1_4, MOD_TYR_ITAM, MOD_TYR_ITIM,
MOD_TYR_ITSM) and substrate motifs for modifying enzymes whose recognition
depends on a priming PTM on the motif (MOD_CK1_1, MOD_GSK3_1).
(ii) Allostery switches are suggested for motif classes known to be regulated by allosteric
mechanisms

(LIG_CORNRBOX,

LIG_NRBOX,

TRG_ENDOCYTIC_2,

TRG_LysEnd_ApsAcLL_1).
(iii) Pre-assembly switches are suggested for motifs that require pre-formation of a

composite binding site (LIG_Integrin_isoDGR_1, LIG_RGD, LIG_SCF_Skp2-Cks1_1).
(iv) Avidity-sensing is suggested for ELM classes known to mediate multivalent binding
(MOD_TYR_ITAM, LIG_14-3-3 classes, LIG_EH_1, LIG_AP2alpha_2, LIG_SH2 classes,
LIG_SH3 classes). Whereas a single MOD_TYR_ITAM motif mediates multivalent
binding, an avidity-sensing switch mechanism is only suggested for the other motif classes
when there are at least two instances of the same motif class present within a protein.
(v) Motif and domain hiding, through an intra-molecular interaction, is suggested for
LIG_SH2 classes, LIG_SH3 classes and LIG_PDZ classes if the protein containing the
motif also contains the corresponding motif-binding domain.

General rules were developed on the basis of the curated switch instances and depended on
integration of experimentally derived modification sites (64, 65), sequence information for
protein isoforms (66), and experimentally validated SLiMs and sequence matches to ELM
regular expressions (43):
(i) Altered physicochemical compatibility switching is suggested if there is an
experimentally validated modified residue in or adjacent (within 20 residues) to the motif.
(ii) Pre-translational switches are suggested for motifs contained within a non-constitutive
exon that is specifically removed from one or more isoforms of a protein.
(iii) Rheostatic switching is suggested if multiple experimentally validated modified
residues are present in or adjacent (within 20 residues) to the motif.
(iv) Competition and motif hiding switches are suggested for motifs overlapping or
adjacent (within 20 residues) to experimentally validated SLiMs or sequences matching the
ELM regular expressions.
(v) Altered binding specificity switches are suggested for motifs overlapping or adjacent
(within 20 residues) to experimentally validated SLiMs or sequences matching the ELM
regular expressions if there is an experimentally validated modified residue present in or
adjacent (within 20 residues) to at least one motif.

Analysis of ELM instances for putative switch mechanisms

The ELM dataset (as of November 2012) consists of 2,070 experimentally validated
functional SLiMs (ELM instances) in 1,325 different proteins. The ELM instances were
manually curated and categorized into 178 motif classes (43). The rules applied for the
analysis of ELM instances differed from those integrated in the switches.ELM analysis tool,
which were less stringent to reflect the exploratory function of the tool. Altered
physicochemical compatibility and rheostatic switching was suggested for ELM instances
with one or more experimentally derived modification sites, respectively, in a motif or
within 5 residues of the motif, instead of the 20 residues specified for the switches.ELM
tool. In addition, only experimentally validated motifs annotated in ELM were considered
here to determine the presence of overlapping or adjacent motifs. Sequences matching the
ELM regular expressions were used by the switches.ELM tool, but were not taken
into account in the analysis of ELM instances.

Analysis of ELM instances for enrichment of motif-proximal modification sites

A dataset of experimentally derived modification sites (acetylation, methylation,
phosphorylation, sumoylation, ubiquitylation) was retrieved from phosphoSitePlus (64)
and phospho.ELM (65) through November 2012. A high-throughput modification site data
set was also created from definitions made by these source databases. These modification
sites were mapped to the 1,325 SLiM-containing proteins from the ELM dataset
(containing 2,070 SLiMs) or to the ELM dataset excluding the MOD motif classes (1,622
SLiMs in 1,084 proteins) (43). Two sets of modification sites were created: ‘adjacent sites’
are modification sites within 5 residues of but not including a defined motif residue
(690 modifications on 19,112 residues); ‘background sites’ are those greater than 5 and less

than or equal to 25 residues from a defined motif residue (2,151 modifications on 73,005
residues). The number of modification sites at each position relative to the motif was
calculated and corrected for the non-uniform distribution of sample sizes at different
distances from the defined motif. The proportion of modified residues at each position in
the ‘adjacent’ and ‘background’ sets of positions were compared using a two-tailed MannWhitney U test. This is a non-parametric test for assessing whether observations in one
sample tend to be larger than observations in another sample, in this case, whether amino
acids within 5 residues of a motif tend to have more PTM sites than residues between 5 and
25 residues from a motif.

Analysis of switches.ELM instances

The switches.ELM dataset (as of March 2013) contained 710 experimentally validated
switches comprising 817 distinct interactions that are mediated by 664 different SLiMs in
409 proteins. For all SLiMs in the switches.ELM and ELM datasets, the average disorder
score was calculated as the mean IUPred score (69) for residues between the start and end
position of the SLiMs. A cut-off of 0.4 was used (22), with values equal to and above this
cut-off indicating disordered regions and values below 0.4 indicating globular regions. The
proportion of disordered motifs in both datasets was compared using the Fisher’s Exact
test. Similarly, the number of SLiMs contained within a non-constitutive exon [assigned
from protein isoform data in UniProtKB (66)] was determined for both datasets and the
counts were compared using the Fisher’s Exact test. For this analysis, the 132 SLiMs that
were involved in pre-translational switches were not included in the switches.ELM
dataset. Counts for the number of modifying enzymes per modification site were derived
from mapping modification data (64, 65) to the modification sites involved in PTMdependent switches. The modifying enzymes were grouped according to protein families
defined in UniProtKB (66).

Supplementary Materials
Fig. S1. Visual output of switch instances in switches.ELM.
Fig. S2. Visual output of the switches.ELM exploratory analysis tool.
Fig. S3. Switch instances in switches.ELM mapped to the ErbB signaling pathway
annotated in KEGG.
Table S1. Curated data in the first version of switches.ELM.
Table S2. Inferred data in the first version of switches.ELM.
Table S3. Putative switch mechanisms for experimentally validated functional motifs
curated in the ELM database.
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FIGURE LEGENDS

Fig. 1. Analysis of ELM instances. (A) Bar plot of the number of ELM instances
suggested to be regulated by a specific switch mechanism (light grey) and the number of
these already curated in switches.ELM (dark grey). (B) Pie chart of the number of ELM
instances known to be regulated by a switch mechanism (Curated), suggested to be
regulated by a switch mechanism using the switches.ELM rules (Suggested), and with no
information that indicates regulation by a switch mechanism (None identified). (C) Plot of
the proportion of known PTM sites flanking ELM instances. The central vertical line
denotes the position of the motif. 25 residues before the first and after the last residue of
the motif are plotted. The grey-shaded region indicates the adjacent positions (within 5
residues of the motif). The horizontal line denotes the mean proportion of residues
modified for the 50 residues shown. Black circles denote positions that have more than the
mean proportion of PTM sites, whereas grey squares denote positions that have less.
Mann-Whitney tests show a statistically significant enrichment of PTM sites adjacent to
known motifs (p=1.48x10-4, U=378.5, NA=11, NB=40; p=1.12x10-3, U=353.5, NA=11,
NB=40 when only high-throughput PTM data were used; and p=3.56x10-3, U=337.5,
NA=11, NB=40 when ELM MOD classes were omitted).

Fig. 2. Analysis of switches.ELM instances. (A) Proportion of motifs in the
switches.ELM resource (479 out of 664 annotated SLiMs) and motifs in the ELM database
(1,428 out of 2,070 annotated SLiMs) predicted to be intrinsically disordered. A Fisher’s
Exact test indicates the difference is not statistically significant (p=0.13). (B) Proportion of
motifs in the switches.ELM resource (All: 126 out of 532 annotated SLiMs; Human: 112
out of 395 annotated SLiMs) and motifs in the ELM database (All: 304 out of 2,070
annotated SLiMs; Human: 232 out of 1,168 annotated SLiMs) located in non-constitutive
exons. A Fisher’s Exact test indicates a statistically significant enrichment of SLiMs
located in non-constitutive exons in switches.ELM compared to ELM, both when all
motifs in the two datasets were considered, and when only human motifs were considered
(All: p=1.57x10-6; Human: p=5.66x10-4). (C) Pie chart of the number of modification sites
involved in PTM-dependent switches curated in switches.ELM grouped by the number of
modifying enzymes inferred per modification site.

Table 1: Examples for the different SLiM-based switch mechanism types and

subtypes. Defined residues of a motif are in bold. Residues requiring
phosphorylation in order for the motif to be functional are preceded by a lowercase p,
whereas a residue that will be phosphorylated by a kinase that interacts with and modifies a
motif is written between brackets.
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Table 1: Examples for the different SLiM-based switch mechanism types and
subtypes. Defined residues of a motif are in bold. Residues that are required to be
phosphorylated in order for the motif to be functional are preceded by a lowercase p, while
a residue that will be phosphorylated by a kinase that interacts with and modifies a motif is
written between brackets.
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1

Proteins (from human unless specified otherwise) are defined by their gene names. Full names are: Dab1 (mouse): Disabled homolog 1;

Src (mouse): Neuronal proto-oncogene tyrosine-protein kinase Src; WAS: Wiskott-Aldrich syndrome protein; CDC42: Cell division
control protein 42 homolog; AMOT: Angiomotin; YAP1: Yorkie homolog; TP53: Cellular tumor antigen p53; GTF2H1: General
transcription factor IIH subunit 1; CKS1B: Cyclin-dependent kinases regulatory subunit 1; SKP2: S-phase kinase-associated protein 2;
CDK2: Cyclin-dependent kinase 2; CDKN1B: Cyclin-dependent kinase inhibitor 1B; CD3Z: T-cell surface glycoprotein CD3 ζ chain;
ZAP70: Tyrosine-protein kinase ZAP-70; DAG1: Dystroglycan; DMD: Dystrophin; GRB2: Growth factor receptor-bound protein 2;
ITGB3: Integrin β-3; TLN1: Talin-1; DOK1: Docking protein 1; ADAM22: Disintegrin and metalloproteinase domain-containing protein
22; YWHAB: 14-3-3 protein β/α; COPB1: Coatomer subunit β; NEDD4L: E3 ubiquitin-protein ligase NEDD4-like; YWHAH: 14-3-3
protein η; SCNN1G: Amiloride-sensitive sodium channel subunit γ.
2

ZAP70 contains two SH2 domains, each of which binds to one phosphorylated tyrosine residue within the ITAM motif.
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Fig. S1. Visual output of switch instances in switches.ELM. (1) Type, text description
and graphical presentation of the switch instance. (2) List of interaction participants. (3)

1

List of interactions constituting the switch instance. (3a) Interaction named by its two
participants (may be numbered by sequence of binding events). (3b) List of mutually
exclusive or required interactions. (3c) List of binding interfaces that mediate the
interaction. (3d) Description for how an interaction is regulated. (3e) Curated and inferred
modifying enzymes involved in regulation of the switch instance. (3f) Additional
information. (4) Contextual information. (4a) Curated and inferred localization data. (4b)
Curated and inferred pathways involving the switch. (5) List of relevant publications
describing experimental data for the switch instance. (6) List of other switch instances
involving any of the participants or interaction interfaces. (7) Diagram of whole protein
architecture with annotated features. (8) Toggle categories of information. (9) Expandable
alignment of the region of interest. (10) Validated motifs and PTMs that participate in a
curated switch instance. (11) Validated motifs that are curated in ELM. (12) Validated
modification sites. If available, experimentally mutated sites are shown. (13) Structural
information. (14) Protein isoforms. (15) SNPs. (16) Additional sequence features. (17)
IUPred disorder scores.

2

Fig. S2. Visual output of the switches.ELM exploratory analysis tool. (1) General
information, including name and species of the query protein, sequence of the query motif,
possible matches to known ELM motif classes, and curated switches involving this protein.
(2) Select buttons to view either a list of putative switches for the user-submitted motif,
links to publications providing experimental evidence (for curated switches involving this
protein, mutagenesis data available for this protein region, and structural information for
the protein linked to PDB), or warnings concerning the structural context of the motif. (3)
List of putative switches regulating the user-submitted motif, including available
experimental data for modification sites that might be involved. Hovering over the question

3

marks will show switch type definitions. Data extracted from external resources for the
aligned protein region is identical to those shown in the visual output of a curated switch
instance (fig. S1), except for the additional prediction of SLiMs based on the regular
expressions for motif classes in ELM.
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Fig. S3. Switch instances in switches.ELM mapped to the ErbB signaling pathway
annotated in KEGG. Green connections denote motif-mediated interactions, while red
connections indicate motif-mediated interactions regulated by a switching mechanism and
curated in the switches.ELM resource. Blue connections and proteins are not annotated in
the original pathway in KEGG. However, they are motif-mediated interactions that are
regulated by a switching mechanism, are curated in the switches.ELM, and were inferred to
be involved in the ErbB pathway.
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