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Abstract

Modular protein interaction domains that recognize linear peptide motifs are found in hundreds of
proteins within the human genome. Some protein interaction domains such as SH2, 14-3-3,
Chromo and Bromo domains serve to recognize post-translational modification of amino acids
(such as phosphorylation, acetylation, methylation etc.) and translate these into discrete cellular
responses. Other modules such as SH3 and PDZ domains recognize linear peptide epitopes and
serve to organize protein complexes based on localization and regions of elevated concentration.
In both cases, the ability to nucleate specific signaling complexes is in large part dependent on the
selectivity of a given protein module for its cognate peptide ligand. High throughput analysis of
peptide-binding domains by peptide or protein arrays, phage display, mass spectrometry or other
HTP techniques provides new insight into the potential protein-protein interactions prescribed by
individual or even whole families of modules. Systems level analyses have also promoted a deeper
understanding of the underlying principles that govern selective protein-protein interactions and
how selectivity evolves. Lastly, there is a growing appreciation for the limitations and potential
pitfalls of high-throughput analysis of protein-peptide interactomes. This review will examine
some of the common approaches utilized for large-scale studies of protein interaction domains and
suggest a set of standards for the analysis and validation of datasets from large-scale studies of
peptide-binding modules. We will also highlight how data from large-scale studies of modular
interaction domain families can provide insight into systems level properties such as the linguistics
of selective interactions.

1. Introduction

The ability of every cell to respond to extrinsic and intrinsic cues depends upon the
coordinated association and disassociation of multi-protein complexes [1]. Cellular
communication thus relies upon a complex network of transient protein-protein interactions.
Proteins involved in this intricate dance of cellular signaling tend to be modular in nature,
being composed of multiple independently folding domains that convey either a catalytic
function or act to recognize other proteins and thereby promote the formation of transient
signaling complexes [2]. Among the large and growing class of modular protein interaction
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domains (PIDs) are a sizable fraction that recognize short motifs within larger polypeptides.
In most cases, binding to a linear peptide motif results in a relatively small contact interface
of sufficient affinity to promote assembly without sacrificing rapid reversibility. Secondary
contacts promote specificity as well as increased stability of the complex which may be
necessary for sustained signaling. Nonetheless, association between a modular interaction
domain and its cognate peptide ligand, usually in the nanomolar to low micromolar range, is
generally a necessary prerequisite event in complex formation. Thus, understanding the
selectivity of these interactions is invaluable for assembling potential interactomes and
mapping signaling networks. The advent of genome sequencing has provided extensive sets
of PIDs and lead in turn to efforts to map the interactions of large families of domains. In
particular, the SH2, PTB, 14-3-3, PDZ, and SH3 domains have been the subject of a variety
of large-scale studies aimed at identifying potential interacting partners and discovering the
motifs and engineering principals that underlie selective interactions. The approaches used
include phage display, peptide libraries and arrays, protein microarrays, and mass-
spectrometry approaches. This review aims to provide a brief overview of modular peptide-
binding domains; outline the strengths and limitations of various high-throughput
approaches to determining interactions; suggest a common set of principals when analyzing
and validating HTP datasets; and highlight how these studies can yield novel insights
regarding the underlying language of selective peptide recognition, the evolution of
specificity and the scope of the potential cellular interactome.

2. Why study protein-peptide interactions?

The discovery of the Src homology 2 (SH2) domain by the Pawson and Hanafusa labs in the
mid-1980’s revealed that proteins commonly contain independently folding domains of
conserved sequence that allowed selective non-catalytic interactions with other proteins
[3-5]. The decades since this paradigm-shift finding have seen the identification of
thousands of conserved sequence regions cataloged in databases such as PFam [6], SMART
[7], and CDD [8]. Dozens of these have been described as specific modular protein
interactions domains (PIDs) [9, 10]. The ability to study PIDs in isolation from their host
proteins is the foundation of an extremely powerful reductionist approach that underlies
much of our current understanding of protein function and the protein interaction networks
that control much of cell biology, including signal transduction. Reductionist approaches
inherently sacrifice contextual breadth for pointed confidence. By abstracting the biological
context of the full-length protein and its multitude of inter-related interactions that occur
within the crowded and physicochemically diverse milieu of the cell down to the level of an
isolated PID interacting with short peptides in order to confidently assess an interaction, we
can presume that much contextual information is lost. This is balanced against the ability to
control for the precise nature of the interacting partners and manipulate them at will to tease
apart molecular mechanisms. In addition, there are purely practical advantages relating to
the ability to biophysically measure interactions directly and quantitatively that favor
reductionism. The relevancy of the reductionist approach to study PIDs has been proven
time and again in their ability to explain in vivo behavior of proteins in signal transduction
networks. Indeed, given the complex issues associated with more “physiological”
experiments, it is not surprising that much of our mechanistic understanding of protein-

Proteomics. Author manuscript; available in PMC 2014 December 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal. Page 3

protein interactions is based upon reductionist approaches. Both the design and
interpretation of cell-based experiments commonly relies upon in vitro studies of the
component pieces.

2.1 History and importance of peptide binding protein modules

As noted above, the SH2 domain was among the first protein-interaction modules to be
described in detail [3, 5]. In many ways, the SH2 domain remains archetypal of the large and
growing group of protein-protein interactions domains and so it is worth briefly reviewing
the general properties of this module. The SH2 domain is an approximately 100 amino acid
residue domain that displays a recognizable pattern of conserved amino acids and a
relatively conserved structural fold [11]. Early on, it was recognized that the SH2 domain
sequence is conserved among a number of oncoproteins such as Src, Abl and Crk [5, 12]
involved in tyrosine kinase signaling. This led to the realization that SH2 domains could
bind to specific phosphotyrosine (pY)-containing peptide motifs [13, 14]. We now know
that the human genome encodes a total of 121 SH2 domains in 111 proteins and that the
SH2 domain is the primary mediator for pTyr signaling in animal cells [15, 16]. Together
with a subset of PTB domains and few isolated other protein domains, the SH2 domains
function to couple tyrosine phosphorylation to coordinate formation of multi-protein
complexes involved in signal transduction. Specificity in recognizing pTyr peptide motifs is
thus crucial for high fidelity signaling. Mutations in SH2 domain containing proteins are
associated with a large number of human diseases including cancer, diabetes and immune
disorders [15, 17]. SH2 domains have thus been tapped as molecular tools for profiling
disease states, particularly in human cancers [18, 19].

A wide variety of modular PIDs have been identified in the quarter century since the
identification of the SH2 domain. More than 70% of the human proteome contains at least
one identifiable domain of some sort [20]. At this time, approximately a hundred specialized
PIDs have been identified that recognize a plethora of motifs [10, 21]. Modular PIDs can
regulate a multitude of cellular processes from assembly of protein complexes to selectively
regulating enzymatic activity, allosteric regulation of protein function, proper targeting of
protein localization and orientation of protein configuration [1, 22]. Domains can be
subclassed according to the various ligands present in the cell as binding to post-
translational modifications (PTMs), short linear peptide motifs, phospholipids or DNA
(Figure 1). In this review we focus only on those domains that recognize linear peptide
motifs including those that bind specific PTMs such as protein phosphorylation, methylation
and acetylation.

2.2 PID basics

While protein domains can have enzymatic properties such as kinases, phosphatases,
GTPases and methylases, a large number of domains mediate protein-protein interactions
and are thus termed protein interaction domains (PI1Ds). Among the PIDs, a number of
modules are defined to recognize linear peptide sequences including those that specifically
recognize PTMs [2] (Figure 1). Such PIDs convey interactions that may provide localization
cues, allosteric regulation, and coordinate the formation of multi-protein complexes that
function as molecular machines [23]. Domains are often duplicated throughout evolution
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and undergo evolutionary divergence that drives functional adaptation (reviewed by Chothia
and Gough)[24]. Clustering by domain organization provides insight into the development
of organismal complexity and specialization of tissue types that is a hallmark of evolved
complexity in animals [25].

Post-translation modifications such as protein phosphoryation on the hydroxyl side chains of
tyrosine, serine and threonine residues serve to distinguish docking sites for PIDs such as the
SH2, 14-3-3, and a subset of PTB, Polo Box, BRCT, FHA and WW domains (Figure 1A).
While a majority of SH2, 14-3-3, Polo-Box, BRCT and FHA are dedicated phospho-binding
domains [26], it is worth remembering that PIDs are quite adaptable. This is clear if we
consider PTB and WW domains, which are by no means exclusive phospho-binding
domains and can in many instances bind to phospho-independent ligands (Figures 1A,C). As
we will discuss later, this is important to keep in mind in designing HTP studies of ligand
specificity as experimental constraints may ignore potential ligand space. Other PTMs on
linear peptides including acetylation and methylation similarly have domains dedicated to
their recognition. Acetylation on lysine residues and methylation on both lysine and arginine
residues function as marks for coordinating complex formation on histones and piRNA
complexes [27]. These PTM marks can be recognized by the subset of domains including
CW, Chromo, MBT, Tudor, and Bromo domains (Figure 1B). Other common PTMs, not
directly discussed in this review, such as lysine ubiquitylation and sumoylation, are also
important for numerous cellular processes and are recognized by a large subset of selective
P1Ds though generally in a manner that does not identify the substrate peptide to which they
are anchored (reviewed in [28, 29]). Other types of PTMs including lysine succinylation,
crotonylation, and malonylation have been reported, though it remains to be seen whether
there are specific PIDs that recognize these madifications [30-32].

Linear peptide motifs that do not depend upon PTMs are also commonly utilized to
coordinate protein-protein interactions. Such short linear peptides sequences of are
commonly found in exposed unstructured regions between domains or in loops within
folded domains [33]. Domains that recognize these short linear peptides include the Src-
homology 3 (SH3), WW, glycine-tyrosine-phenylalanine (GYF), and PSD-95/Discs-large/
Z0-1 (PDZ) domains (Figure 1C). As noted above, PIDs often display remarkable plasticity
in terms of their cognate ligands. For example, SH3 domains generally bind to Pro-rich
peptides [34], but specific SH3 domains have evolved to interact with quite divergent
peptide motifs (such as R-x-x-K, where x represents any natural amino acid) [35], or even
with the surface of ubiquitin [36]. Similarly, PDZ domains generally bind to C-terminal
peptide motifs [37] but in certain cases also recognize specific phospholipids. For example,
the PDZ domains (PDZ1 and PDZ2) of syntenin-1 cooperate to support PtdIns-4,5-P2
binding and membrane localization [38, 39]. Reductionist approaches have allowed the
detailed biochemical study of domains, with extensive use of techniques such as affinity
purification by GST pull-down or co-immunoprecipitation, phage display and
crystallographic studies to define interactions. Thus it was recognized early on that SH3
domains generally bind to Pro-rich peptides that form a left-handed poly-proline type Il
helix, with the minimal consensus Pro-x-x-Pro. Each Pro is usually preceded by an aliphatic
residue. Each pair of aliphatic-Pro pairs residues binds within a hydrophobic pocket on the
surface of the SH3 domain. Early studies recognized two major classes of SH3 domain
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ligands: Class I and Class 2 ligands, which recognize RK-x-x-P-x-x-P and P-x-x-P-x-R
motifs, respectively. This view of SH3 domains was expanded with the recognition of a
small subclass of SH3 domains that recognize RxxK motifs while other SH3 domains
recognize KKPP or PxxDY [40, 41] and at least one SH3 domain binds to the ubiquitin
polypeptide [36]. Some studies were biased by the assumption that SH3 domains would
prefer PxxP-containing peptide ligands and the need to constrain library variability and thus
used peptides centered around a conserved PxxP motif to define SH3 specificity [42],
potentially overlooking novel binding modalities. While the results of these studies remain
informative, and reducing ligand complexity is often necessary to experimental design, such
examples serve as a caution that with reductionist approaches it is easy to oversimplify
assumptions regarding ligand preference.

Protein domains generally select their ligands through an exposed surface interface that
recognizes one or more primary determinants, with flanking residues creating additional
contacts that provide the element of selectivity. For example, a near universal feature of SH2
domains is phosphorylated tyrosine (pTyr or pY) recognition accommodated by a conserved
pocket on the SH2 domain in which an arginine residue that coordinates the phosphate.
Specificity of one SH2 domain over another is determined through the residues that
surround the pTyr residue, particularly those immediately C-terminal at positions +1 to +5.
Thus, the SH2 domain of Crk, recognizes a core motif pY-x-x-P/L [43, 44]. Additional
contacts expand this to pY-x-V-L/P-R/K. Other domains that recognize phosphorylated
motifs, including 14-3-3 [45], WW [46], FHA [47], and PTB [48]domains, similarly
recognize adjacent residues to allow discrimination between specific phosphorylated sites.
Despite inherent flexibility in ligand preference, the ability to classify domains according to
relatively specific motifs that define binding preference suggests that specificity, while
flexible, is generally limited by biological function. Thus, large scale or systems-level
studies may provide sufficiently detailed information on specificity preferences to determine
generalized rules of specificity as well as a necessary level of understanding of the
linguistics of contextual ligand selectivity.

While PIDs have a remarkable ability to recognize their cognate peptide ligands, the
transient nature of protein domain-peptide interactions implies that these modules must
perform something of a balancing act. An individual domain may potentially engage several
distinct ligands, either simultaneously or at distinct points in a complex spatiotemporal
signaling matrix (Figure 2A, E). Likewise, an individual peptide ligand may potentially
engage multiple domains at various points in time and space (Figure 2A, D). Thus, the
affinity for a particular binding site must presumably not be so high that binding becomes
essentially irreversible over the time spans of protein-mediated and enzymatic signaling
events. Lower affinity interactions may actually be crucial for achieving selectivity by
allowing the rapid sampling of multiple ligands as well as to allow spatiotemporal
organization of signaling networks to be achieved. The equilibrium dissociation constants
for domain-peptide interactions with their cognate physiological ligands typically fall in the
range of low micromolar to nanomolar affinities. At the tighter end of this are often domain-
peptide interactions that are regulated through PTMs. In addition to promoting direct
binding of a peptide to a domain, PTMs can also be used to inhibit interactions. So while
SH2, FHA, 14-3-3, Chromo, Bromo and other domains do not bind stably until the peptide
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has acquired an appropriate PTM, binding of certain SH3, PDZ and other domains is
negatively regulated by phosphorylation of the peptide ligand. For example, the interaction
of the NR2B subunit of the NMDA receptor with PSD-95 is negatively modulated by
phosphorylation of the PDZ ligand at the -2 position serine residue by CK2 [49]. Likewise,
PTMs on PIDs can also destabilize or disrupt peptide interactions. Thus SAP-97 directly
associates with NR2A through its PDZ1 domain, and phosphorylation of Ser-232 in SAP-97
by CaMKII disrupts NR2A interaction both invitro and in vivo [50]. In a related manner
phosphorylation of the tandem SH2 domains of p85-alpha (P13K1), by the phorbol ester
stimulated PKC, at conserved positions S361 and S652 within the pTyr binding pocket of
the SH2 domain results in repulsion of the negatively charged pTyr peptide [51]. Such
complexity is not limited to simple Michaelian interactions and allows binary protein-
protein interactions to display emergent properties such as ultrasensitivity. The WD40 repeat
module of Cdc4 interacts with multiple low affinity peptide binding sites on Sicl in a such a
manner that a threshold of at least 6 out of 9 sites must be phosphorylated and available for
binding in order to promote an interaction of sufficient stability to allow both a detectable
biochemical interactions and the biological outcome of ubiquitination [52, 53]. Multiple
sampling of low affinity sites may in fact be a general mechanism for promoting switch-like
binding events [54]. Such complexity is not easily captured using HTP methods. Low
affinity interactions, multiple PTMs, negative regulatory effects and emergent properties
present particular challenges and it is important to keep these caveats in mind both in the
design and interpretation of HTP studies as well as in the use of HTP data sets for modeling
complex cellular events.

2.3 PID-Peptide Interactions Direct Information Flow

Peptide binding protein modules or PIDs recognize unique peptide motifs that impart the
primary level of interaction specificity by constraining potential interaction partners. For
example, the SH2 domain recognizes phosphorylated tyrosine residues (pY) in the context
of a stretch of adjacent amino acids (usually C terminal) to the pY, depicted as pY-X-X-X-X-
X. There are generally multiple members of a given module class and in most cases multiple
peptide motifs that can bind to a given PID. Even simple motifs may comprise thousands of
potential binding peptides. There are, for instance, 8000 unique sequences within the three
variable positions of the motif pY-x-x-x. Individual PID-peptide interactions therefore face
the dual challenge of achieving biologically relevant affinities and some measure of
uniqueness, or specificity relative to other module-motif interactions within the same family
in order to direct information flow within a cell.

Protein modules that recognize short peptide sequences differ from other protein-protein
interactions in that they typically involve relatively small interfacial contact areas. A recent
analysis of a non-redundant set of protein-peptide interactions confirmed that the change in
accessible surface area (AASA) upon binding was half that of protein-protein interactions
and almost a third of IUP-protein interactions [55]. Given that a) at the level of individual
amino acids a large AASA seems to be necessary for a large contribution to binding energy
[56]; and b) The entropic penalty associated with binding an unstructured peptide would
generally be greater than the entropic penalty associated with binding a folded protein [57],
PID-peptide interactions may be driven to maximize the binding energy that single amino
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acids can contribute and minimize the entropic penalties associated with ordering an
unconstrained peptide. Indeed, it seems that peptides tend to maximize their enthalpic
potential within the binding site, utilize clefts whenever possible to maximize AASA, and
minimize the conformational change of their protein binding partner and therefore the
overall entropic penalty due to binding [55]. Taking an example from SH2 domain-
phosphopeptide interactions, it has been shown recently that artificially restricting the
rotamers of the pY residue doesn’t appreciably increase the affinity of a model SH2-
phosphopeptide interaction [55], implying that the binding energy is not very sensitive to
entropic penalties on the part of the peptide, at least at the level of the primary interaction
hot spot (the pY-SH2 domain interaction provides roughly 1/2 of the binding energy for
SH2-phosphopeptide interactions [58, 59]). This finding supports the idea that peptide
binding modules possess the ability to minimize entropic penalties [55], and is especially
interesting considering the prevalence of peptide motifs within disordered regions of
proteins [60] where a minimization of entropic penalties would likely be important. These
biophysical studies support the validity of studying PID-peptide interactions. Moreover,
high throughput investigations, by virtue of their ability to generate large sets of sometimes
quantitative or semi-quantitative interactions, can in turn inform our understanding of the
general biophysical principals that underlie these interactions.

Regardless of the biophysical mechanisms by which a protein-peptide interaction is
achieved, a consequence of the small binding interface of PID-peptide interactions relative
to protein-protein interactions is the exaggerated power of individual interfacial residues to
influence binding [61]. Amino acid residues within defined motifs serve as hotspots for
cognate interactions [55]. Thus, single amino acid substitutions can impart large changes in
affinity and corresponding module specificity [43, 62, 63]. The specificity of SH2 domains
has been employed to pan the proteome, resulting in unique binding patterns among protein
module family members [19]. The specificity of module-peptide interaction principles is
also leveraged synthetically to evolve specific and highly affine interactions with protein,
peptide, and nucleic acid targets [64, 65]. PID-peptide interactions utilize subtle motif
variations to achieve selectivity [9], resulting in impressive specificities within domain
families [66-68]. This results in a remarkably complex language for PID-peptide interactions
that will be discussed in detail below (section 5.3).

Despite the potential for highly affine and specific interactions, most PID-peptide
interactions have affinities in the micromolar range. This may be a result of pressure for
dynamic interactions in signaling networks as a necessary component of cellular plasticity.
Nevertheless, contextual factors, defined as either secondary contacts (interactions outside
of the primary motif-PID binding interface) or cellular context (localization, expression
levels etc) play a critical role. There have been many examples of the role secondary
contacts play in potentiating interactions but the primary contact between PID and peptide
remains the dominant and constant feature essential for the interaction. Binding between
short peptide motifs and PIDs on average accounts for 80% of the total binding energy[69].
Consistent with this, a recent report by Bae et al highlights the necessary role a secondary
binding site plays in mediating the interaction between the N-terminal SH2 domain of PLC-
v and FGFR1 pY-766 [70]. Estimating binding energies from the reported dissociation
constants suggests that the secondary contact imparts roughly 15% of the binding energy,
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while the primary pTyr motif binding accounts for roughly 85% of the total binding energy
[70]. As this example highlights, PID-peptide motif interactions reported in the literature are
generally necessary for signal propagation, and in many instances are sufficient for
functional interactions. This is reinforced not only from dominant negative mutants [71] and
specificity switching point mutations [61], but from investigations of pathogenic, oncogenic,
and even synthetic proteins which prove capable of rewiring signaling pathways [20, 72,
73]. In these cases, the signaling pathways are "hijacked’ by ectopic proteins which present
high affinity peptide motifs that outcompete cognate interactions. For example, the
interaction between the pYDEV motif within the enteropathogenic E. coli protein Tir and
the Nck1 SH2 domain leads to drastic cytoskeletal rearrangements [74]. In a related vein, a
chimeric Grb2 SH2 domain-FADD death effector domain (DED) fusion is capable of
switching cellular responses so that mitogenic signals result in activation of an apoptotic
pathway [75] thereby connecting distinct signaling pathways together via novel synthetic
domain associations. In such cases, native secondary contacts are not possible because one
of the cognate interaction partners is missing. It is possible in the case of virally mediated
ectopic manipulation that different secondary contacts are involved, but there is less
rationale for their involvement in completely synthetic signaling cascades. Such work
reinforces the notion that the PID-peptide interaction is the primary binding determinant,
with non-motif contextual factors playing a secondary role. Beyond secondary contacts,
signaling networks employ combinatorial module-peptide and module-motif interactions to
potentiate binding events [2, 76], employ multi-motif/single module interaction gating [52,
77, 78], and spatial regulation, leveraging the unique physicochemical environments within
a cell [79-82]. As an example of the latter mechanism, recent work has demonstrated the
ability of a module motif interaction to potentiate the activity of a kinase, whose substrate is
immobilized within a membrane [83]. PID-peptide interactions are in most cases necessary,
and in many cases sufficient to define protein-protein interactions. They define specificity
and contribute significantly to the biophysical properties of interactions. As a result they are
excellent surrogates for biological protein-protein interactions that are inherently amenable
to high throughput study.

2.4 PID-Peptide interactions underpin the robustness and evolvability of interaction

networks

The prevalence of PIDs in the human proteome is a direct result of rapid expansion of many
PID families over the span of metazoan evolution [20]. Mechanisms such as gene
duplication and domain shuffling have allowed independently folding modules to efficiently
become inserted into novel protein contexts, and in doing so promote the evolution of
cellular functions that provide a fitness advantage [21]. This has resulted in the coincident
rapid evolution of cellular function and the evolution of robust signaling networks - defined
both as an ability of a system to respond with fidelity to noisy inputs and as organism fitness
in response to gene deletion. A common architectural feature of these networks, largely
resulting from the gene duplication events that constructed them, is the integration of
multiple signals into central modules for information processing, resulting in a scale free
network topology [84, 85]. This scale free or highly interconnected topology confers
redundancy in terms of gene function while also providing for signal amplification or
dampening at the central information processing hubs. Taking an example from protein
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tyrosine kinase networks, the hub protein p130Cas has 16 confirmed tyrosine
phosphorylation sites, resulting in a daunting combinatorial problem assuming all 16 can be
phosphorylated at the same time [86]. As the p130Cas example implies, the peptide
interaction partners of modules tend to reside in disordered regions of proteins [60] which
evolve more rapidly than ordered regions [87, 88], and are overrepresented in signaling hubs
[89, 90]. While central information processing hubs allow robustness, modularity, and
plasticity, they are also weak spots in the network susceptible to ectopic manipulation.
Indeed, the targeting of nodes with therapeutic agents in a combinatorial and rational fashion
has been suggested as a promising biomedical approach [40, 41]. Given the importance of
PID-peptide interactions within this systemic context, interaction specificities, affinities and
general principles are a requisite step towards understanding the emergent properties of
cellular systems, the architectures that endow them, and mechanisms by which to perturb
them.

3. HTP delineation of interactions

Issues of emergent properties and complex interactions aside, HTP techniques are capable of
probing interaction specificity on a broad scale, and in doing so they provide the breadth of
data necessary to ascertain the underlying rules and engineering principals by which PIDs
operate at a systems level. Each method has particular strengths and weaknesses. In this
section we will outline the major approaches used to map the specificity of PIDs and some
of the advantages and weaknesses of each (Table 1).

3.1 Peptide arrays

High-density peptide arrays of synthetic peptides are a powerful tool for mapping domain-
mediated protein-peptide interactions at the proteome level. The initial concept of parallel
synthesis of multiple components on a solid support was pioneered by Ronald Frank and
Mario Geysen [91, 92] with the demonstration of parallel synthesis on cellulose discs
packed in a column and peptides on plastic pins, respectively. Nearly a decade later, Dr.
Frank and colleagues extended this approach to establish the SPOT synthesis method. In
SPOT synthesis, sub-microliter droplets of activated FMOC-amino acids are spotted onto
the planar surface of a porous activated cellulose membrane effectively generating an open
reactor for synthesis of cellulose-bound peptides. Automation of the technique made it
accessible enough to be widely used [93]. One of the benefits of SPOT peptide synthesis is
that it circumvents any limitation as to the types and modifications of amino acids that may
be employed. As with other forms of solid phase peptide synthesis (SPPS), SPOT synthesis
allows the use of unnatural amino acids as well as modified amino acids as building blocks
in the synthesis. This is highly advantageous for the study of interactions that depend upon
post-translational modification of the peptide ligand. The SPOT method can be modified to
utilize different chemical approaches. In the standard SPPS, the peptide is coupled with the
C-terminus immobilized to the solid support with a free N-terminus. This presented a
challenge for studying PDZ domains, which recognizes C-terminal peptides. A method of
peptide cyclization in order to free the C-terminus allows studies on PDZ domain
interactions [94].
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Because it is relatively easy to synthesize hundreds or even thousands of individual peptides
on a single cellulose membrane, the SPOT method allows the interrogation of genome-wide
sets of peptide sequences, yielding extremely large sets of binary interaction data. PID
studies can easily detect peptide binding using large sets of purified recombinant PIDs
incubated individually with the SPOT membranes and subsequently detected using
antibodies against specific expression tags (eg GST, His) or by using radiolabeled or
fluorescently labeled protein (Figure 3A). Another advantage of this technique is the ability
to observe weak binding or non-binding peptides and thus generate data not only about the
peptides that bind, but also those that do not. In some cases, knowing the certain peptides
that do not bind to a PID may be as informative as knowing ones that do.

Designing arrays of defined peptides generally requires some degree of a priori knowledge
of the binding profile for the domain of interest. Oriented peptide library arrays synthesize
using the SPOT approach require less understanding of binding preference but generally
work best when at least one critical determinant for binding is fixed. SPOT-synthesis
peptide libraries fix individual positions (eg +1, +2 or +3) while using a randomized mixture
of amino acids at other positions [95]. Library arrays are commonly used to identify
favorable residues at various positions that allow the generation of general specificity
profiles. This approach appears has been successful with domains where a major factor is
fixed such as pTyr for SH2 domains or PxxP for SH3 domains [41, 66, 95]. The relatively
high affinity of SH2 domains for pTyr peptides means that library arrays need only fix the
pTyr and other positions may be varied, whereas domains such as SH3 and PDZ domains
that bind at one magnitude lower affinity generally require at least 2 fixed residues.

Regardless of the application, SPOT peptide arrays are generally a semi-quantitative method
and specific interactions require verification or quantification by other methods [96]. Since
peptides on the peptide array do not undergo purification, the yield and efficiency of peptide
synthesis on a solid-support is not uniform and may be difficult to assess. Synthesis failure
or low yield of a peptide could thus result in false negative results. There are a number of
fairly obvious measures that should be considered by anyone using peptide arrays to map
specific interactions. As these overlap with the techniques below they are discussed in
section 4.

3.2 Protein Microarrays

Protein microarrays are the complement to peptide arrays [97, 98]. Also referred to as
‘protein chips’, these consist of purified proteins arrayed in a high-density format. Protein
microarrays are typically prepared by immobilizing proteins onto a solid substrate such as a
modified glass microscope slide using a contact or a noncontact microarrayer [99].
Developing the type of surface, attachment method, detection method, and necessary
controls are likely key determinants in the success of a given protein microarray system.
Soluble proteins immobilized on the slide can be probed for a variety of functions such as
binding to other proteins or peptides visualized by fluorescent dye or radioisotopic labeling
(Figure 3B). In theory, protein microarrays can be spotted in large scale and probed with
increasing concentrations of labeled material, producing semi-quantitative or even
quantitative information. In practice, protein microarrays often accrue a high rate of false-

Proteomics. Author manuscript; available in PMC 2014 December 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

Page 11

positive and false negative data and remain difficult to judge as we discuss below. In terms
of studying protein domain interactions with short peptide sequences, protein-domain
microarrays provide a means to identify novel protein-protein interactions using limited
subset of protein domains and peptide ligands in a manner analogous to peptide arrays [100,
101]. Proteins are inherently complex given their tertiary structure and may not maintain
activity on the array surface. The use of protein microarrays remains in its infancy in terms
of the methods of fabrication and analysis but it is clear that non-selective interactions are a
problem with arrayed proteins on substrates in interfacial assays. A study of PDZ domain
binding by glass substrate protein microarrays indicated extensive false-positives with a
false-positive rate close (approximately 50%) and poor correspondence of estimated Kd
values in comparison to solution binding measured by fluorescence polarization. The same
study identified a significant rate of false negatives. [67]. At present protein microarrays
may be best suited for low-throughput and carefully controlled studies. One example of
lower-throughput protein array technique is the Rosette assay in which increasing
concentrations of peptide or lysate are spotted onto a membrane support and then probed
with SH2 domains [19]. Rosette produces semi-quantitative data indicating relative binding
preferences and is of particular use along side SH2-domain profiling experiments using the
same sets of SH2 domains. With the application of stringent protein activity tests, extensive
use of positive and negative control peptides, and adequate methods to screen out false-
positive interactions, protein microarrays may be used to generate high quality data in larger
scale studies (see section 4).

3.3 Phage-display peptide libraries

Phage display has proven to be a powerful and versatile method for studying PIDs. Several
variations have been applied to study protein interactions and these are reviewed in detail
elsewhere [102, 103]. In the most common implementation used to identify optimal binding
peptides, a phage display library undergoes multiple rounds of panning against a purified
PID (Figure 3C, left panel). Random peptide libraries can be generated using randomized
DNA oligonucleotides incorporated into the genome of the phage for expression on the coat
proteins (P8) of bacteriophage. These libraries can achieve diversity of greater than 10
billion random peptides [104]. Phage bound to individual domains can be readily recovered
and sequenced to determine the peptide sequence preference. The list of peptide sequence
information can then be used to generate a position-weighted matrix (PWM) to define
binding motifs. One clear benefit of phage display is that a vast number of chemically
diverse peptide sequences can be generated efficiently and inexpensively as part of the
phage display library. This is balanced by the limitation that without complex utilization of
alternate codons, only natural amino acids are included in the library peptides. This makes
using phage display somewhat of a challenge for studying domains that recognize PTMs or
alternative amino acids. Phage display is not, of course, limited to studying peptides as it
may equally be used to display a library of sequence varied domains on the phage coat
(Figure 3C, right panel). This provides the opportunity to explore the variability and
evolvability of PIDs to recognize specific ligand sequences. For example, phage display
mutagenesis of a single PDZ domain allows the generation of a wide variety of ligand-
binding preferences that encompass both naturally evolved ligands but also explore ligand
binding space outside of that for which PDZ domains have naturally evolved [105]. Thus
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phage display is also a powerful tool for PID engineering and molecular evolution [105,
106]. Stable expression of certain domains and sequences on phage may be limited,
however, potentially posing a challenge for genome-wide screening. As with other HTP
techniques controls are essential (see section 4)

3.4 Mass spectrometry

Mass-spectrometry (MS) has become a powerful tool for studying protein-protein
interactions as well as for the identification of PTM sites (reviewed in [107, 108]). When
PIDs are used as capture reagents to precipitate interacting proteins or peptides, tandem-
MS/MS is an efficient means of identifying the interaction partners (Figure 3D). The data
obtained is limited in part by the set-up of the capture step. This may constrain interactions
to proteins expressed in specific cells or tissues and those interactions that are of sufficient
affinity (or sufficiently slow off-rate) or expressed at sufficiently high level to allow capture
and identification [109](Figure 2B). Thus, the number of peptide interactions may be limited
for a given PID. Such information may not be sufficient for a detailed analysis of domain
specificity but it can provide a very useful context for physiological interactions. A study
with 10 GST-tagged WW domains identified a list of 148 protein interactions from Jurkat
cell lysates [110]. The proteins identified in their screen were enriched into 2 clusters based
on known preferred WW motifs, PY and PPLP or Pro/Arg. Another study using purified
Plk1 Polo-Box domain identified over 600 bound proteins from G1/S arrested U20S cells
[111], revealing the power and sensitivity of MS. To extend the ability to profile
interactions, other approaches include using a library set of peptides to identify domains that
recognize a specific type of post-translational modification. A recent study by Christofk et
al., utilized mass spectrometry and peptide libraries to identify proteins that could
specifically recognize only phosphorylated peptide libraries [112]. Thus, MS may be
powerful complementary approach to the three methods mentioned above to study large-
scale PIDs in a physiological setting.

3.5 Other HTP techniques: Plate-based and biophysical assays

In addition to the widely used approaches noted above, there are a wide variety of
biophysical assays that are potentially amenable to scaling up to some form of HTP assay.
There are many solution-based binding assays that are available in plate-based detection
formats that may be scaled up to become useful for HTP analysis of PIDs. Fluorescence-
based binding assays in particular allow for automated set-up and detection. Fluorescence
anisotropy or fluorescence polarization is widely used to measure the binding of labeled
peptide ligands to domains [43, 67]. 384-well plate-based detectors allow hundreds of
interactions to be quantitatively measured and equilibrium dissociation values ascertained.
Intrinsic tryptophan fluorescence can be used to detect binding in cases such as SH3
domains that contain a tryptophan residue in the peptide binding cleft [113]. These methods
are limited both by the need to synthesize peptides and purify active PIDs, as well as the
general issues of ensuring data quality described below. They do, however produce
potentially rich quantitative datasets and thus have a clear role.

Yeast two-hybrid has been used very successfully to detect interaction partners for PIDs
such as PDZ and SH3 domains [114, 115], however it is less able to accommodate PTM-
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dependent interactions. Yeast almost entirely lack tyrosine phosphorylation making yeast 2-
hybrid ineffective for the study of pTyr-binding domains. Mammalian 2-hybrid systems
have been developed and used in select instances [116, 117]. Related systems such as the
Lumier method (luminescence-based mammalian interactome mapping) assay originally
described by Dr. Jeffery Wrana and colleagues detects Renilla luciferase tagged prey
proteins captured by flag-tagged bait proteins allow interactions to be studied from
mammalian cell lysates, albeit under conditions of ectopic overexpression [118]. PIDs that
recognize reversible PTBs can also be used to profile cellular activation states. SH2 domains
in particular serve as a means of probing the global state of tyrosine phosphoproteome.
Thereby using SH2 domains as a detection reagent, similar to that of an antibody for a
western blot, the lysates of various cell lines or cell lysates from various times points post-
stimulation, can be used to read out the presence of specific phosphotyrosine motifs to
which each SH2 domain can bind [18, 19]. Most of these systems are focused on protein-
protein interactions, but in specific instances these systems are amenable to the study of
PID-peptide interactions. Fluorescence-based PID-peptide interactions in particular stand
out in this regard. As with the other HTP techniques described, there is a clear need for
stringent standards, controls and validation in order to obtain high quality and reproducible
data.

4 The critical importance of controls and validation

Hypothesis-driven studies that reveal the details of a particular interaction are required to
include extensive controls, replicates and orthologous validation in order to pass muster. Yet
large-scale or HTP studies do not always provide these basic tenants of the scientific
method, instead relying on the novelty of the approach and the sheer overwhelming quantity
of data. Because of the amount of data generated, it is difficult to validate any but a small
number of interactions and because the methods are often novel it is not always clear what
the correct controls should be or whether replication is even feasible. Yet the data generated
may be extensively utilized as hypothesis generating, or for developing complex network
models, and so it is essential that data quality be as high as possible and limitations revealed
up-front. Here we will outline a number of controls and validation approaches that may be
applied across multiple experimental platforms with the aim of producing high quality data-
sets for PID-peptide interactions using HTP approaches.

4.1 Garbage in, garbage out: Positive controls for every protein and/or peptide

The quality of the protein and peptide are clearly critical to obtaining valid interaction data.
Recombinant expressed and purified proteins do not always behave as we would like due to
misfolding, degradation, denaturation etc. To the degree possible in a given HTP
experimental set efforts should always be made to ensure that the proteins and peptides
being used are correctly expressed, folded and active at the time of the actual assay. Much of
this can be done through the development of a solid set of internal controls. The wealth of
available data in the literature developed from carefully controlled hypothesis-driven
experiments (see below) should provide that many of the proteins and peptides in a given
HTP experiment to have at least one known positive control for functional binding activity.
For instance, if the Grb2 SH2 domain is used, a pY-V-N-V motif-containing peptide might
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serve as a control to ensure that in each iteration of the experiment that the Grb2 protein
used is functionally active. This provides at least a minimal level of confidence that at the
time of that particular experiment each protein is capable of binding to a cognate peptide
ligand. If the study is quantitative then additional validation information is available in the
form of the measured binding affinity. Most discovery-based experiments will utilize at least
a few well-described proteins or peptides, so that while not every peptide or protein will
have an control partner, a representative fraction will have. A set of binary control pairs also
provides a measure of the assumed failure rate for proteins or peptides in a given
experimental set-up. This in turn can be used to estimate the number of replicates needed to
ensure a complete data set.

4.3 Filtering the noise

Non-selective or false-positive interactions are a potentially major confounding factor in any
large-scale data set [67]. Yet because data from large-scale studies is easily accessible, these
datasets are widely used by computational modelers as the basis for signaling network
models and analysis. Removing false-positives need not be difficult in large HTP
approaches as the large quantity of data may itself suggest apparent highly populated
interaction hubs that in fact represent “sticky” peptides or proteins that are simply non-
selective. Removal of non-selective interaction hubs may lose a small number of real
interactions, but serves to vastly improve the overall data quality by removing large numbers
of non-selective interactions. For example, we recently completed a study of interactions
between 192 peptides and 50 SH2 domains [43]. Our initial interaction set comprised 905
binary interaction pairs but when examining the specificity of SH2 domains, about which a
fair amount is known [119] it became clear that certain peptides were interacting in a non-
selective manner with large numbers of SH2 domains such that they defied known binding
motifs. It would be extremely difficult to pick out all of the non-selective interactions based
on assumed parameters governing binding, and in any case this would contaminate the
dataset with preconceived assumptions that might not be valid. But as it turns out, the data
structure itself may often provide clues as to the identity of non-selective interaction hubs.
When we graphed the degree of binding for all 50 SH2 domains for each peptide, selective
interacting peptides exhibited the expected bi-modal pattern in which most SH2 domains did
not bind at all (very low binding signal intensity) and a small number bound strongly (high
binding signal intensity). Non-selective interacting peptides exhibited a skewed profile with
many peptides binding with medium to high intensity and almost none with very low
intensity. This recognizable binding pattern coincided perfectly with the set of peptides that
bound non-selectively to GST with signal intensity above the mean. In practice this meant
that apparent “hub” peptides were, in fact, often hubs for non-selective interactions and
filtering them out reduced the number of binary interaction pairs identified from 905 to 523.
This resulted in a final dataset that overlapped almost perfectly with the literature-validated
set of 39 interactions and orthologous validation set of 55 interactions [120].

Mass spectrometry based proteomics experiments similarly identify large numbers of non-
selective binding partners. Again, large data sets themselves may be utilized to self-filter by
identifying proteins that appear over and over again as interacting partners for multiple types
of proteins. This is the basis for the contaminant repository for affinity purifications (CRAP)
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database developed by the Gingras and Nesvizhskii groups. Certain proteins identified in
this manner are likely to be common across many experimental set-ups and represent
common laboratory proteins, accidental contaminants from dust or physical contact, and
proteins commonly used as molecular weight standards. But in a single large-scale HTP
study of many PIDs, the data specific to a single study can be used to identify non-specific
interactions specific that the experimental system and improve data quality by eliminating
these interactions.

In various ways, these and related methods utilize the large quantities of data generated by
HTP studies to enable statistical approaches and pattern analyses to be employed. These
may be very effective for identifying potential false-positive interactions and in some cases
allow the assigning of scores reflecting confidence in specific interactions. HTP approaches
are particularly amenable to the use of a range of statistical approaches. Probabilistic scoring
of affinity purification-mass spectrometry data is the basis for ‘significance analysis of
interactome’ (SAINT), a computational tool that assigns confidence scores to protein-protein
interaction data generated using affinity purification-mass spectrometry (AP-MS) [122].
Other approaches such as normalized spectral abundance factor (NSAF)[123], CompPASS
[124] and Annotator [125] are just some examples of tools that provide statistical tests to
determine significance of mass spectrometry data.

4.4 Literature validation

It is relatively simple to compare one database of interactions from a large-scale interaction
study with another. But if either or both studies suffer from large false-positive or false-
negative rates the datasets will only overlap to a small degree. This is exactly what has been
reported in several instances [126-128], and is essentially uninformative beyond suggesting
that one or both studies have data quality issues. Yet there is an immense and growing body
of literature carefully detailing specific interactions. The major hurdle is that protein
interaction databases are largely populated by data from HTP studies and the majority of
interactions described by traditional hypothesis-driven research remains largely inaccessible
on the scale necessary to validate HTP studies. In the case of PID-peptide interactions, even
databases that do actively curate primary literature interactions such as the Human Protein
Reference Database (HPRD), BioGRID and Molecular Interaction (MINT) only rarely
provide details regarding the specific PID and peptides responsible for interactions
[129-131]. This is unfortunate as this exactly the sort of carefully controlled orthologous
data that is likely to be the best test of HTP datasets. It is therefore the responsibility of the
investigator and the community as a whole to develop such datasets. HTP studies provide a
unique opportunity to populate such datasets with both their own data and whatever data
they are able to glean from the literature to validate their results. Literature validation does
not suggest infallibility of published studies, but significant discordance between HTP data
and existing literature should certainly be cause for concern while a high degree of
concordance serves as convincing validation.

4.5 Motifs matter

Related to the theme of using existing knowledge to validate HTP approaches, there are
many instances in which binding motifs have been described for protein-peptide
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interactions. In the case of SH2 domains, for instance, motif data is available from Scansite
and SMALLI in the form of PSSMs and regular expression motifs [66, 119]. In many cases,
structural data supports the fundamental assertions of these motifs. For instance, we know
from both Scansite as well as a series of elegant structural studies that the Grb2 SH2 domain
has a very strong preference for an asparagine residue at the +2 position C-terminal to the
pTyr residue to accommodate a beta-turn required by a tryptophan residue in the SH2
domain that obstructs the peptide-binding channel. Similarly, the Crk SH2 domain has a
very strong preference for a proline or leucine at the +3 position of its cognate peptide
ligands that has been repeatedly confirmed in multiple independent studies [43, 44]. As
already noted, motifs are by no means absolute and in many instances simplify binding data
to a level that ignores contextual information, but they do provide an excellent test of HTP
data sets. If, for instance, a HTP study indicates ligands for the Grb2 domain that do not
conform to the pY-x-N motif, this suggests that there may be an issue with non-selective
interactions (false-positives) and that at the very least additional validation is required for
those ligands. Similarly well-established and largely invariant motifs for other PIDs serve as
an excellent test of data quality but also to identify potentially novel interactions that should
be subject to orthologous validation. Early studies using protein microarrays contain
numerous examples of apparent binding peptides that do not conform to established motifs
[132]. As these early studies also did not contain positive controls for either proteins or
peptides and lacked extensive orthologous validation, so it is difficult to establish the precise
issues that led to such apparent false-positives. It is now clear that the protein microarray
technology employed in these studies has a high level of false-positives and that the
apparent dissociation constants reported often do no correlate with equilibrium dissociation
constant values measured in carefully controlled solution phase binding experiments [67].
The controls and validation strategies noted above are in part drawn from such lessons
learned in the past decade of HTP studies of PID-peptide interactions but are only a first step
towards using HTP studies to generate high quality interaction data.

4.6 Spatiotemporal considerations

In cases where large-scale studies are conducted in cells or using cell lysates, spatiotempral
considerations become a major factor in experimental design. For example, upon stimulation
receptor and non-receptor kinases become activated and engage substrates resulting in
phosphorylation of specific proteins that may then serve as binding partners for their cognate
PID binding partners. Of course stimulation and downstream phosphorylation events follow
their own very specific time-course, such that a different phosphosite may appear or
disappear at various times points and spatial regions of the cell (Figure 2A, C) [1, 133, 134].
To make matters more complex, there are significant differences in expression profiles of
both the PID-containing proteins and the phosphorylated targets in different tissues [135].
Thus the same pTyr site might engage a different SH2 domain in brain than it does in
muscle to initiate a different signaling cascade downstream of the same stimulation. Or the
same SH2 domain protein might find a different set of available pTyr ligands available in
different tissues (Figure 2B). Likewise, a given PID may find a very different set of potential
ligands in the nucleus than it does in the cytoplasm (Figure 2C). Prolonged stimulation with
super-physiological concentrations of a growth factor or other stimulation may result in
profoundly different patterns of phosphorylation and downstream signaling than would
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occur within the bounds of normal physiological signal transduction [136]. Considering the
stimulations conditions, tissue or cell lines uses and the time-course of the experiment may
significantly alter the spatiotemporal signaling and thus the binding partners that may be
recovered.

5. Systems-Level Analysis of Protein Interaction Domains

5.1 Binding:

Data from HTP studies of PID-peptide interactions provides a unique opportunity to develop
both models that extend beyond the source data as well as to glean new insight into the
global engineering principals that guide the selectivity, competition, cooperation and
evolution of PID families and their host proteins (Table 2). It is impossible to outline all of
the uses for HTP analysis of PID-peptide interactions in a single manuscript, so in the
interest of space we will note just two examples — one predictive and one at the level of
general engineering principals governing binding.

motifs to prediction

One of the first uses for the data generated from large-scale analysis of PID-peptide
interactions was to develop predictive models for PID ligand selectivity. Binding data from
various types of peptide library approaches provides insight into the preferred amino acids at
positions surrounding the conserved central motif. Early studies of ligand specificity,
particularly that of SH2 domains has been evaluated using the synthetic peptide library
approach developed by Songyang and Cantley [44, 137, 138]. In the case of SH2 domains,
this identifies favorable residues within the peptide ligand surrounding the conserved pTyr
that support binding by a particular SH2 domain [44, 95]. This takes the form of a
probability that a given amino acid occupies a position x within a motif x-pY-Xx-Xx-x-x.
Likewise, studies of SH3 domains might generate data for an x-x-P-x-x-P-x-x motif.
Probability information of this type is often described using position weight matrices
(PWM) such as the position-specific scoring matrices (PSSM) that underlie widely used
ligand prediction tools such as ScanSite (http://scansite.mit.edu/) and Scoring Matrix-
Assisted Ligand Identification (SMALI, http:/lilab.uwo.ca/SMALI.htm) [66, 119]. PDZ
domain binding preferences obtained from randomized phage-peptide libraries have been
used in a similar manner to generate PWMs [104, 139]. PWMs do an admirable job of
identifying primary factors required for binding and identify key residues that may form
direct contacts or otherwise be necessary for a peptide ligand to fit into the binding cleft of a
given PID. PWM-based prediction methods are simple to run and generalizable across any
short linear peptide sequence. The more flexible Hidden-Markov Models (HMMs)
commonly used to identify longer sequence stretches such as PIDs themselves [140-142],
lack sufficient power when confronted by such very short peptide motifs [143], but remain
powerful tools for longer stretches of sequence. Even very simple regular expression-based
queries can be used in cases of well-defined motifs [144]. As a general rule, all of these
computational methods lack the ability to discern contextual information embedded in
peptide sequences. For instance, the preference for residues at adjacent positions may differ
according to the surrounding residues. And with a few exceptions non-permissive residues
or so-called anti-motifs are not part of the standard models either because the models do not
easily accommodate such information or, more commonly, there is a paucity of such data.
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In silico prediction can provide testable hypotheses but remains unable to predict
interactions with high accuracy and precision. This is in part because recognition events are
complex, even at the level of isolated SH2 domains and synthetic peptides. For instance,
SH2 domains recognize peptide targets not only through permissive residues adjacent to the
pTyr that constitute binding motifs, but also by making use of contextual sequence
information and non-permissive residues [43] that constitute anti-motifs. Some rules such as
non-tolerated residues and contextual dependence of the residues at one position on those at
another position are not accommodated PSSM. Results using ad hoc rules such as 1)
eliminating non-tolerating residues at each position and 2) requiring the presence of a
favorable residue at least one position [145] can improve domain-peptide predictions.

5.2 Anti-motifs and Negative selection in Binding Specificity

Given the extensive use of degenerate peptide libraries and phage display to discern optimal
binding peptides, much of the information generated to date focuses on residues that are
positively selected for in these methods. In contrast, residues that are disfavored or
prohibited at certain positions within the canonical binding motif remain poorly defined. Yet
exclusion of specific amino acid residues at specific positions represents another layer of
information that a PID can interpret to determine binding. Several recent systems-level
studies have shown that residues that are non-permissive to binding act as an anti-motif
overlapping the canonical binding motif and that the recognition of both motif and anti-
motif provides a higher level of selectivity (Figure 4). SH2 domains utilize anti-motifs
extensively to provide selectivity particularly in cases where several domains have similar
primary binding motifs (Figure 4A)[43]. For example both Crk and Brk recognize the
generalized motif of pY-x-x-L/P, yet the presence or absence of anti-motifs can determine
the selectivity for one SH2 over the other. This suggests the recognition of even short
peptides can be highly nuanced in a manner analogous to the natural language. Similarly,
SH3, 14-3-3 and Chromo domains also sense non-permissive residues or “anti-motifs” to
fine-tune specificity between related domains in a family [145, 146]. Two recent studies on
14-3-3 and Chromo domains using peptide arrays were able to identity anti-motifs found
within shared consensus motifs that play an important role in achieving appropriately high
selectivity [145, 146]. The presence of either Asp at -1 and or Pro/Arg at +1 perturbs 14-3-3
binding even though positive motifs, Arg at -3 and -4 or Pro at +2, are present (Figure 4B).
Similarly, using peptide-scanning mutagenesis of the various positions surrounding
methylated lysines on histones 9 and 27 revealed that the presence of either Thr or Ala at the
-3 position was critical for determining the specificity between the HP1 or the Pc class of
Chromo domains (Figure 4C). Lastly, the SH3 domains Bem1p and Nbp2p from yeast share
the consensus motif, y-x-P-x-R-x-A-P-x-x-P (y representing hydrophobic amino acids)
(Figure 4D, left panel) [62]. Conserved residues within the SH3 domain sense the sequence
context of the peptide to prevent nonspecific interactions both in vitro and in vivo [62]. The
use of addressable peptide arrays in each of these studies was essential to developing the
data necessary to understand this principle as peptide arrays provide not only positive
binding information but also inform as to interactions that are disfavored. This highlights an
interesting problem that large data sets can make use of, which is that data about interactions
that fail to occur despite clearly favorable motifs is itself useful in understanding more
complex rules governing selectivity. It is clear the protein-protein interactions have evolved
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to make use of available information. At a practical level, a deeper understanding of these
rules is clearly important for developing better predictive tools.

5.3 Problems with current systems

HTP studies of PIDs are capable of generating a large wealth of peptide-domain interaction
data. The design of these studies can utilize physiological (found in potential in vivo binding
partners) and non-physiological peptides as well as highly diverse (and largely non-
physiological) peptide libraries. Approaches using peptide libraries or non-physiological
peptides run the risk of determining optimal binding solutions that are not found in nature,
while limiting experiments to physiological peptides reduces the potential data set to a point
where it may be difficult to discern the underlying rules that govern selectivity. Virtually all
HTP studies of PIDs are limited to determining binary interactions between a protein
domain and it’s ligand, yet many interactions depend upon larger multi-protein complexes or
are regulated in ways that may not be easily recapitulated in vitro. Certain PIDs can be
found in multiple conformations that alter ligand binding. The INAD PDZ domain (PDZ5)
can be found in a redox-dependent equilibrium between two conformations [147]. The
reduced form has a structure similar to that of other PDZ domains while the oxidized form
assumes a distorted ligand-binding site as a result of a strong intramolecular disulfide bond
formation. Without prior knowledge of domains behaving in various manners, interactions
captured in an in vitro HTP study may be limited.

Studies using protein microarrays and peptide arrays have generated a wealth of potential
interaction data. However, many of these studies have limited orthogonal validation and fail
to compare their results to the “known knowns” of the literature or canonical motifs. This
ignores the issues associated with any large-scale and single-method study and results in
datasets of unknown quality. When binding events do not match the known motifs they
should be scrutinized carefully. The notion that testing a hand-picked small fraction of novel
interactions in a cell-based system validates the remainder of the data from a large-scale
study is absurd and should be dismissed out of hand. Such validation certainly can lead to
exciting and novel mechanistic understanding and is certainly important, but it should very
clearly not be taken to validate unrelated interactions. Only random validation of a
significant number of the potential novel interactions by orthogonal methods can even
provide an estimate of the data quality. LTP direct experimental measurement of select
binding partners typically focuses on specific interactions driven by hypotheses relating to
the signaling events under investigation. This yields a set of high quality, but inevitably
sparse data. Thus while we are aware that pTyr signaling is extensively used in a range of
critical signaling networks in metazoans, certain pTyr proteins and SH2 domains are well
studied while others are left untouched. Yet as incomplete as the literature is, it does provide
a solid foundation for validating high-throughput techniques. Failure to identify well-
characterized interactions may indicate false-negatives. High-quality specific interactions
are an essential step in determing protein functions and the molecular mechanisms that
underpin cellular behavior. There is a clear need to investigate less well-studied proteins and
HTP experiments can be a rich source for discovery data that drives future hypotheses so
long as the appropriate experimental design ensures high quality data. Finally, in silico
methods for prediction (Scansite, SMALLI) do a remarkable job of pointing out potential
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binding pairs and ignoring irrelevant pairs because motifs matter [66, 119]. Their fail at the

ultimate prize of accurate prediction is simply a reflection of our incomplete understanding

of the complexity of the underlying interactions. HTP studies serve to provide the large and
rich data to improve these methods and develop new computational approaches to modeling
protein-protein interaction networks.

6. Future directions

We are in the early days of a HTP analysis of PID-peptide interactions. The HTP methods
discussed have only scratched the surface yet the data generated has already proven
invaluable in mapping novel signaling networks as well as understanding the mechanistic
principals used to establish selective interactions. As in any maturing field, technology
development and proof-of-principal gives way to carefully controlled experiments that
produce high-quality data. Some of the HTP approaches are already mature as new ones
continue to be developed. With carefully designed studies, HTP techniques hold the promise
of developing interaction and PTM site data that is codified by both temporal and spatial
parameters in order to understand the spatiotemporal organization of protein-protein
interaction networks. By combining interaction datasets with large-scale genomic and
expression pattern data, it will increasingly be possible to establish defined interaction
networks that are specific to cell types, developmental lineages and disease states. This in
turn holds the promise of deeper mechanistic understanding of signaling dynamics.
Carefully controlled and well designed HTP studies of PID interactions can therefore
leverage the power of reductionist biochemistry with systems level understanding of
interactions and the networks that they construct.
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Figure 1. Modular Protein Interaction Domains recognize short linear peptide motifs
(A) Phosphorylation on serines (pSer), threonines (pThr), and tyrosines (pTyr) can be

recognized by a subset of specialized PIDs. (B) Post-translational modifications on lysine by
methylation (Me-Lys) mediate interactions with a large set of interaction modules whereas
lysine acetylation (Ac-Lys) and arginine methylation (Me-Arg) are restricted to only Bromo
and Tudor domains, respectively. (C) Modular PIDs that recognize short linear motifs. (X,
represents any natural amino; ¢, hydrophobic amino acids; -COOH, carboxyl terminus of
amino acids)

Proteomics. Author manuscript; available in PMC 2014 December 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Liuetal. Page 29

A. Protein Domain Interactions (PIDs) in time and space
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Figure 2. Protein domain interactions in time and space
(A) Protein interactions domains (PIDs) (gray shapes) can coordinate multiple different

interactions partners (oval shapes) in a temporal manner. For example, temporal
phosphorylation of substrates by protein kinases may influence the time dependent protein
domain interactions. The cellular context plays an important role in determine PIDs in
specific cell types with co-expressed ligands (B) and spatial localization within the cell (C).
Multiple PIDs can bind a single ligand (D) and vice versa, a single PID can recognize
multiple ligands as PIDs coordinate transient protein-protein interactions (E).
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Figure 3. High-throughput Methods for studying protein domains
(A) Peptide arrays consist of a diverse set of peptides synthesized onto cellulose membranes

using the SPOT method or isolated peptides arrayed in large scale onto glass slides using a
microarray printer. Soluble protein interaction domains (PIDs) flowed across the membrane
can be detected using antibody detection or fluorescent labeling of proteins (indicated with a
star). (B) Protein microarrays require soluble PIDs to be printed onto various solid surfaces.
Labeled peptides are flowed across the surface and detected using a fluorescent CCD
camera. (C) Phage display allows one to create a highly random set of peptides expressed on
the surface of bacteriophage. After selection and binding to soluble PIDs, captured phage
can then be sequenced to determine the peptide sequence (left panel). In a reverse approach,
a diverse library of PIDs expressed on the phage coat can be screened for binding to select
peptides (right panel). (D) Mass spectrometry allows one to capture proteins or peptides
using a bait (eg PID). Captured proteins or peptides are digested and subsequently
sequenced using MS/MS for peptide and protein identification.
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Figure 4. Anti-motifs drive negative selection for optimizing specificity
(A) The SH2 domain of Crk and Brk both recognize the motif pY-x-x-L/P (the P in yellow

circle above the Y represents a phosphate). Black arrows indicate permissive or positive
preferential residues. Anti-motifs (red hash) of select peptides determine the selectivity for
either Crk or Brk. (x denotes any natural amino acid) (B) Yeast 14-3-3 proteins BMH1 and
BMH2 recognize the consensus motif R-R-x-x-pS-x-P (left panel), however sequences
which contain an Asp at -1 or Pro/Lys at +1 disrupt binding despite having permissive
factors.

(C) Recognition of the methylated lysines (Me-K) on the histone tail by distinct Chromo
domains is determine by anti-motifs. Me-K(9) and Me-K(27) both contain the core
consensus X-A-R-K-S-x-x. Recognition by either the HP-1 subclass or the Pc subclass of
Chromo domains is determined by the amino acid at the -3 position of the Me-K. (D) The
yeast SH3 domains of Bem1p and Nbp2p recognize the consensus motif y-x-P-x-R-x-A-P-
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x-X-P (y represents a hydrophobic residue, x is any natural amino acid). The sensing of the
sequence context by these SH3 domains either inhibits (red hash line) or allows binding
(black arrows), thereby preventing non-specific interactions.
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Table 1
List of high-throughput methods for characterizing binding specificity, their advantages
and disadvantages
Method Peptide Library Size  Quantitative Advantages Disadvantage
Peptide Array 10-1000’s Semi-Quantitative . Study PTMs . Biased libraries (a
. priori knowledge)
. Generate negative
binding data . High cost of materials
. Easy to generate
different libraries
Protein Microarrays  10-100’s Quantitative . Quantitative . Protein stability
. Limitation in number of
peptides
Phage Display 1x10710 Not quantitative . random peptides . Only natural amino
- acids, no PTMs
. large quantities of the
library . high cost in DNA
sequencing
. low costs for
production
Mass Spectrometry ~ 10-100°s Not quantitative . Physiological . Transient interactions

are lost

Limited to specific
tissues or cells
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Table 2
High-throughput Studies of Protein Interaction Domains

Domain Ligand Method Reference

SH2 pTyr Peptide Array [43, 66]
Protein Microarray [132]
Reverse Phase Protein Arrays  [19]

SH3 Proline rich motifs Peptide Array [148]
Phage Display [115], 149]
Yeast Two-Hybrid [115]

PDZ C-terminal motifs Phage Display [104]
Protein Microarray/FP [67]
Yeast Two-Hybrid [150]

PTB pTyr and NPxY motifs Peptide Array [151]
Protein Microarray [132]

ww Proline rich motifs Protein Array [152]
Mass Spectrometry [110]

Polo Box pSer/Thr motifs Mass Spectrometry [111]

14-3-3 pSer motifs Peptide Array [145]

Tudor, MBT, Chromo  Methylated Histone motifs  Protein Array [100]
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