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Abstract

Protein interactions have evolved into highly precise and regulated networks adding an immense
layer of complexity to cellular systems. The most accurate atomistic description of protein binding
sites can be obtained directly from structures of protein complexes. The availability of structurally
characterized protein interfaces significantly improves our understanding of interactomes, and the
progress in structural characterization of protein-protein interactions (PPIs) can be measured by
calculating the structural coverage of protein domain families. We analyze the coverage of protein
domain families (defined according to CDD and Pfam databases) by structures, structural protein-
protein complexes and unique protein binding sites. Structural PPI coverage of currently available
protein families is about 30% without any signs of saturation in coverage growth dynamics. Given
the current growth rates of domain databases and structural PPI deposition, complete domain
coverage with PPIs is not expected in the near future. As a result of this study we identify families
without any protein-protein interaction evidence (listed on a supporting website http://
www.nchi.nlm.nih.gov/Structure/ibis/coverage/) and propose them as potential targets for
structural studies with a focus on protein interactions.
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1. Introduction

To understand the mechanisms of protein function one needs to explore proteins at the
molecular level and at the same time analyze their intricate interactions at the interactome
level. Although recent advances in experimental high-throughput (HTP) methods have
produced unprecedented amounts of protein-protein interaction data, current ‘interactome’
datasets still suffer from a high rate of false positives and low coverage. As a result of these
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drawbacks, a comprehensive protein interactome mapping for a given organism is still a
daunting task with the large majority of protein—protein interactions left to be determined
(Venkatesan et al., 2009). Verification of obtained interactions is essential in order to avoid
challenges associated with high-throughput studies and further propagation of interaction
annotation errors. Structures from Protein Databank (PDB) (Dutta et al., 2009) and related
databases (Davis and Sali, 2005; Juettemann and Gerloff, 2011; Kundrotas and Alexov,
2007; Madej et al., 2012; Xu et al., 2006) may provide the most reliable atomic resolution
data for protein molecules and their complexes. Ideally, high-throughput data on protein
partnerships should be complemented with the details of binding site locations and
physicochemical properties of interaction interfaces derived from structures.

Since the first structure of myoglobin was solved in 1958, a large number of protein
structures have been resolved and deposited in the PDB (Dutta et al., 2009). Approximately
half of these structures represent protein complexes where protein-protein interfaces can be
directly observed and protein-binding sites can be extracted. Comparative structural analyses
of different protein complexes reveal a recurrence of certain sequence motifs and binding
arrangements/modes on protein-protein interfaces (Janin and Rodier, 1995; Jones et al.,
2000; Shoemaker et al., 2006). Although binding arrangements evolve quite rapidly as
proteins diverge, certain binding modes are conserved among homologs and in some cases
even among non-homologous proteins (Aloy et al., 2003; Dayhoff et al., 2010; Keskin et al.,
2004; Korkin et al., 2005); (Zhang et al., 2010). Such conserved binding modes reflect the
existence of characteristic features on binding interfaces which, in turn, may modulate
binding by stabilizing complexes, by providing specific sites for recognition and/or for post-
translational modifications (Bhaskara and Srinivasan, 2011; Hashimoto and Panchenko,
2010; Nishi et al., 2011; Reimand et al., 2012). Moreover, some binding sites are found to
be promiscuous and involved in interactions with many different proteins (Nobeli et al.,
2009), a key functional feature of hubs in interaction networks. Several methods have been
developed that use such recurrent motifs to predict protein-protein interactions and to
annotate binding sites (Shoemaker et al., 2010; Shoemaker et al., 2012; Tuncbag et al.,
2011; Xu and Dunbrack, 2011).

The progress in structural biology and the trends of PDB growth (Berman et al., 2013) are
periodically reviewed (Montelione, 2012) and are typically evaluated by analyzing the
structural coverage of protein domain families and superfamilies (Finn et al., 2013; Garcia-
Serna et al., 2006; Marchler-Bauer et al., 2013; Mistry et al., 2013). While there seems to be
an agreement that most structural folds have been sampled and represented by the PDB
structures, it is still unclear how fully the protein-protein binding mode arrangements are
characterized.

Here we consider protein domains as units of protein-protein interactions and use strict
criteria to define protein-protein interfaces and binding sites. Based on the binding-site
comparisons stored in the IBIS database (Shoemaker et al., 2010; Shoemaker et al., 2012)
we identify unique binding sites in protein domains involved in protein-protein interactions.
We comprehensively assess the diversity of protein interactions and binding sites in the
context of their growth in protein domain families over the last 55 years. Our analysis of
unique binding site coverage within protein families from Conserved Domain Database
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(CDD) and Pfam was able to identify families with no structural evidence of protein-protein
interactions. We provide a list of these families which could and should be targeted by
structural efforts.

2. Materials and Methods

2.1 Dataset

We downloaded biological assemblies (so called biounits) and structure deposition dates
from the MMDB database (Madej et al., 2012). MMDB bioassembly data and deposition
dates were in turn taken from the PDB database (Berman et al., 2000). The difference in the
number of chains between the asymmetric units (ASU) and biounits is shown in
Supplementary Information Figure S1. The deposition dates were used to reconstruct the
growth of structural data. We did not consider structures that were obsolete or have been
revoked from the PDB. We downloaded Conserved Domains Database (CDD) (Marchler-
Bauer et al., 2013) version 3.11 with 9,860 domain models curated at NCBI. We did not
consider any CDD models imported from other sources. In this paper the CDD models are
called “families”. A CDD superfamily represents a set of similar domain models; we only
considered those superfamilies which contained at least one manually curated model. We
also downloaded the Pfam-A curated subset of the Pfam database version 27, which contains
14,831 families (Finn et al., 2013). It should be mentioned that not all Pfam families
correspond to protein domains; some of them correspond to short repeats and sequence
motifs. The CDD domains were mapped on structures using the IBIS database (Shoemaker
et al., 2010; Shoemaker et al., 2012). The structural mapping of Pfam families was
downloaded from the Pfam FTP server (ftp://ftp.sanger.ac.uk/pub/databases/Pfam/mappings/
pdb_pfam_mapping.txt).

2.2 Identifying unique binding sites

We analyzed protein-protein interactions between domains according to the criteria
implemented in IBIS database. Namely, CDD domains were mapped onto sequences of
protein chains to create "footprint™ regions. Protein-protein interactions were defined
between two domains (footprint regions) from two different chains if there were at least five
contacting residues in each domain within the distance of at most 4 A between heavy atoms.
We did not consider polypeptide chains with less than 20 amino acids as interaction
partners. A binding site of a domain was defined as a set of interacting residues on one side
of the interaction interface.

Then we collected domain footprint regions which were mapped to the same CDD domain
superfamily, structurally superimposed them and ensured that the sufficient fraction of
domain footprints was structurally aligned. Subsequently we clustered their corresponding
binding sites based on sequence and structural similarity between the sites and sequence
conservation profile of binding site residues (Shoemaker et al., 2010). Binding sites were
clustered by a hierarchical complete linkage clustering procedure. To choose the sliding
cutoff to define clusters, we used a function which maximizes the mean similarity of
members within a cluster and minimizes the complexity of the description provided by
cluster membership (number of bits required to describe the data) (Slonim et al., 2005).
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Binding sites and conserved binding site clusters can be explored online in IBIS database
(http://www.ncbi.nlm.nih.gov/Structure/ibis/ibis.cgi). As a result of such clustering, it
becomes possible to assess the uniqueness of each binding site. Binding sites from different
clusters are called hereafter unique. We consider a binding site as being novel, if no similar
binding sites (from the same binding site cluster) were available in PDB prior to its
deposition date. For clarity, we illustrate protein-protein interfaces, binding sites and binding
site clusters in Figure 1.

2.3 Analysis of domain database and structure growth

3. Results

An average yearly growth rate of CDD database (1200 families per year) was estimated by
counting the number of new families and superfamilies that were added during the last five
years. However, we did not count families that were eventually removed from the database,
and only considered NCBI-curated families and superfamilies containing at least one CDD-
curated family. We estimated the growth of Pfam database (900 new families per year)
starting from Pfam release 23 in 2008 to release 27 in 2013. More details on database
growth and coverage growth rates are provided in Supplementary Information Table S1.

The structural coverage was analyzed for families in the most recent release of CDD 3.11
and Pfam 27 using the PDB deposition dates as a reference point allowing us to look back in
time. Each family was assigned two dates: (i) year when the first structure matching the
family was deposited and (ii) year when the first structure with PPl complex was deposited.
Then we aggregated the number of covered families by year. The analysis of CDD
superfamilies was done following the same logic, considering a superfamily to be
structurally covered when at least one of the families had a representative structure. We
assigned CDD family annotations to structures using the most specific best matching family
models. Due to the hierarchical nature of family classifications in CDD, the models
representing the intermediate nodes in the hierarchy might appear as lacking structural
coverage and therefore the number of CDD families without any structural representatives
may be slightly overestimated.

3.1 Unique binding sites and interfaces

We define protein-protein interfaces based on the contacts between domains located on
different chains in macromolecular assemblies. While the interface is a characteristic of a
pair of interacting proteins/domains, a protein-binding site describes each interaction
partner. Therefore, we express the diversity of protein interactions via the diversity of
binding sites. Figure 1 illustrates binding sites and their conservation among homologous
complexes. Camp-dependent protein kinase type | (PDB 3tnp) represents a heterotetramer
and consists of two pairs of identical subunits: catalytic (chains C and F, shown in orange)
and regulatory (chains B and E shown in blue and magenta). Each regulatory subunit
consists of two domains from the same CAP_ED family (blue and magenta). We illustrate
protein-protein interfaces by showing them in spheres, whereas the rest of the protein is
shown as semitransparent surface (Figure 1a). Each interface consists of two binding sites
and therefore is depicted in two colors.
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Although there are six interfaces in the complex, only three of them are distinct or unique
(shown as dashed lines with numbers 1-3 on Figure 1b). Consecutively, on each chain there
are six unique binding sites (shown as different shapes with different shades). There can be
binding sites in other protein complexes that are similar to the ones observed in the example
structure. Figure 1c shows two clusters of protein binding sites from the regulatory subunit
for interfaces number 1 and 2. Domains from other protein complexes are structurally
superimprosed on domains from regulatory subunits (those that cannot be structurally
superimposed are disregarded) and the gaps (dashes) in the sequence alignment of binding
site regions indicate those residues that are not structurally aligned. Considering binding
sites per domain is very important because it provides spatially localized binding sites on
each domain (separate binding site patches corresponding to different domains in Figure
1a,b) and distinct protein interfaces. If we consider a whole protein chain as a unit of
interaction, there would be only one interface between STKc_PKA in chain C and two
CAP_ED domains in chain B, which does not fully represent the nature of the interaction
between these two chains and makes it rather hard to compare binding sites between
different protein families where domain recombination is a common evolutionary event.

3.2 Growth dynamics of coverage of CDD superfamilies by structural complexes

Here we analyze the coverage of CDD superfamilies by structural complexes and unique
binding sites since this characteristic can be used as an indicator of success of structural
genomics efforts. Domain coverage is defined as a fraction of all domain families (or
superfamilies) with at least one structure or structural evidence of PPl with a well-defined
binding site (see binding site definitions in Methods). As shown in Figure 2a, starting from
the early 1990s the structural coverage has dramatically increased with two thirds of all
superfamilies exemplified by at least one structure by the year 2000. The rate of
improvement in structural coverage remains impressive due to the guiding efforts of
structural genomics initiatives (Burley et al., 2008), reaching 90% of coverage for currently
available superfamilies. Figure 2a also shows the growth of CDD superfamily coverage with
protein-protein interactions. As shown in the inset, in some cases the structures are first
solved as monomers and only later are deposited as PPIs, thereby creating some significant
delays between monomer and assembly deposition dates (time lag in years is shown in
Figure 2a inset). It may seem that the current superfamily coverage with PPIs of more than
75% should provide a comprehensive description of the diversity of binding sites. However,
the protein binding sites diverge rather fast in evolution and some of them might be
characteristic for only specific protein families. Certain superfamilies have very
heterogeneous binding sites while for others binding sites and binding partners are much
more conserved. In general the diversity of PPI binding sites in a superfamily should depend
on the role of protein-protein interactions in its function. Therefore in the next section we
explore the association between the diversity of superfamilies and the number of binding
sites.

3.3 Relationship between the diversity of CDD superfamilies and the number of unique
binding sites

Next we compared the number of CDD families in a given superfamily with the number of
unique binding sites within the superfamily. Figure 2b shows that there are many
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superfamilies (shown below the main diagonal), where the number of binding sites is up to
an order of magnitude higher than the number of families within a given superfamily.
Moreover, there is a significant number of superfamilies with only one family but a large
number of binding sites. All of these examples constitute families with multiple binding
sites. It is consistent with the previous observation that paralogous proteins from the same
family have a tendency to bind different partners using different binding sites (Dessailly et
al., 2013; Hamp and Rost, 2012; Lewis et al., 2012; Reid et al., 2010). This binding
specialization could prevent the undesirable cross-talk between similar pathways involving
paralogs with different specificities. Such families might benefit from their classification
into several functional domain subfamilies. Superfamilies containing at least several
different domain families but only one binding site presumably possess a very conserved
interface. However, it could also be the result of the limited structural coverage of protein
interfaces in different families. About 25% of the superfamilies have no structural evidence
of protein-protein interactions and could be potential targets for structural genomics. Based
on two parameters described so far, we have arranged all superfamilies into 12 groups
(Table 1). The lists of superfamilies from each group are available on the supporting
website, where we provide links to corresponding examples from the CDD and IBIS
databases.

3.4 Growth dynamics of coverage of CDD and Pfam families with structural complexes

Since the number of families within one superfamily varies greatly, we calculated the
structural coverage on the domain family level (Figure 3a). While about 75% of the
superfamilies are covered by structures of complexes (Figure 2), about 45% of all families
within one superfamily are covered by at least one structural complex. As evident from an
inset of Figure 3a superfamilies with large number of families are not well covered neither
by structures nor by structural complexes. This is especially pronounced for PPI data, where
the average coverage barely reaches 20% in large superfamilies.

Considering the large coverage variance within superfamilies for the CDD database, we
decided to compare CDD coverage per domain level with another widely used high-quality
domain annotation set from the Pfam database. In terms of absolute number, the coverage
trends for CDD and Pfam agree surprisingly well with each other. Namely, the average rates
of structural coverage for CDD and Pfam families are 218 CDD and 210 Pfam families per
year respectively. Despite different philosophies and construction methods employed in
these databases, similar trend persists for the coverage by structural protein complexes (157
CDD and 161 Pfam families are covered by structural protein complexes per year). This
similarity is suggestive of the robustness of our rate estimates. However, if we consider the
fractional structural coverage (a fraction of all CDD and Pfam families with structural
evidence), there are certain differences between CDD and Pfam (Figure 3b) which can be
explained by different sizes of these databases (Table 2). As one can see from comparing
Figures 3a and 3b, the growth dynamics of CDD domain structural coverage is slower for
domains compared to superfamilies, reaching 50% of structural coverage and 30% of PPI
coverage by families.
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We identified families and superfamilies that are largely underrepresented by solved
structural complexes and unique binding interfaces. Such proteins could serve as potential
targets for future structural discoveries. We provide the complete lists of families on the
supplementary website (http://www.ncbi.nlm.nih.gov/Structure/ibis/coverage/). The families
without any structures are probably first on the priority list, followed by the families with
structures and without the evidence of protein interactions. Families in large superfamilies
are of particular interest, because they are likely to have diverse binding sites.

4. Discussion

The ultimate objective of improving the structural coverage of protein-protein interfaces and
binding sites is an understanding of molecular mechanisms of protein function and protein
recognition. Characterization and classification of structures of protein complexes and
protein-protein binding sites is at least as important as the classification of folds. Now, when
most of the folds are already exemplified by experimentally determined structures and more
than 70% of sequences can be structurally modeled at least in part (Levitt, 2009), the focus
in structural biology gradually shifts towards the characterization of protein assemblies,
especially assemblies with novel protein interfaces. Novel complexes and interfaces are
especially important for drug design of protein interaction inhibitors and for the rational
protein design to create protein complexes with novel specificities (Huang et al., 2007;
Khare and Fleishman, 2013).

Interactomes represent the networks characterizing all potential protein-protein interactions
of a given species. The unit of interaction can correspond to a protein or a domain and the
availability of high-quality structural information on protein-protein and domaindomain
interactions is critical for building reliable interactomes. Here we analyze how the structural
and PPI coverage of domain families change over time. We use currently available sets of
domain families and trace back in time their structural coverage employing the structure
deposition dates.

Given that roughly 30% of currently available domain families have at least one structural
PPI representative, we investigated whether the current growth (well approximated by a
linear function over the last ten years) can be extrapolated to find the point in time with
near-complete structural coverage of all domain families. Certainly, we do not expect that all
domain families will be covered by structures and/or structural complexes. It is a rather
unrealistic assumption given that there are families which do not function while interacting
with other protein partners and there are families comprising intrinsically disordered
proteins which are not present in PDB. If we take into account the growth rate of domain
family databases (about 1200 new CDD and 900 new Pfam domain families added per year
on average), we can estimate that about 3900 CDD families will have at least one structural
PPIs by the year 2020 (2912 CDD families are currently covered by PPIs). If the growth rate
persists, the CDD and Pfam databases may grow to approximately 17000 and 21000
families by 2020, respectively. In addition, many structures of proteins with unknown
functions are currently being solved, which may provide an evidence for new CDD or Pfam
families (Marchler-Bauer et al., 2013; Mistry et al., 2013). Therefore, given a current 30%
structural PPI coverage and a 23% projected PPI coverage by the year 2020, we do not
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foresee in the near future any considerable increase in the percentage of families with
structural PPIs. This conclusion only holds true if the current domain and structure
deposition rates do not change. However, we might expect that the domain family databases
will soon reach a saturation point and will not grow anymore, while, with the help of
structural initiatives, the sampling of different PPIs will continue to increase. Right now, as
protein domain family databases continue to grow, complete structural PPI coverage of
domain families remains a moving target.

5. Conclusions

The availability of structurally characterized protein interfaces is critical and significantly
improves the reliability of interactomes. We analyze the coverage of protein domain families
and superfamilies with structures and structural PPIs and assess their growth dynamics. We
show that protein interaction coverage of domain families is lagging behind structural
coverage. While the overall number of possible protein interactions is unknown, the PPI
coverage of protein domain families with structural data serves as a good measure of
progress. Currently, only about 30% of protein families have structural PPI coverage, and
this number is not likely to improve in the nearest future due to high growth rate in the
number of protein domain families. Finally, we identify families and superfamilies without
protein-protein interaction evidence and families without any structural data (listed on a
supporting website http://www.ncbi.nlm.nih.gov/Structure/ibis/coverage/). These families
could be used as potential targets for structural initiatives with the focus on protein
interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Definition of a binding site
(a) Example of protein interfaces and binding sites in Camp-dependent protein kinase type |

(PDB 3tnp). The structure is a heterotetramer where chains C and F represent catalytic
subunit while chains B and E represent regulatory subunits. The former subunit has one
domain STKc_PKA (orange), the latter has two domains belonging to the same CAP_ED
domain family (blue and magenta with the linkers between domains shown in gray). (b)
Schematic representation of binding sites (encoded by shapes), each side of the interface is
shown in different shade patterns. There are six interfaces; only three of them are unique
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(dashed lines labeled with numbers in brackets). Out of total 12 binding sites, six sites are
unique within the complex (distinguished by shade). (c) Examples of two binding sites
clusters show that there exist binding sites in other complexes similar to the sites in our
example (two sites in CAP_ED domains in chain C). The clusters are shown as alignments
of binding residues (the residue numbers in PDB 3tnp are shown as column names). The
first row in the alignment corresponds to the 3tnp structure.
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Figure 2. Structural coverage and binding sites of CDD superfamilies
(a) Cumulative CDD superfamily coverage. Inset: lag in years between deposition of the

first structure representing the superfamily and the structure with at least one observed
proteinprotein interaction. (b) Number of families in superfamily versus the number of
binding sites. The superfamilies are shown as circles. The size of the circle is proportional to
the number of superfamilies (the largest circle contains 216 superfamilies, the smallest —
one). The gray diagonal shows one-to-one correspondence between the number of sites and
the number of families.
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Figure 3. Structural coverage of CDD and Pfam families
(a) Cumulative average coverage of CDD families within the CDD superfamilies with

structural data and with structural evidence of protein interactions; the error bars show
standard errors. An inset shows the coverage (for the year of 2013) for different groups of
superfamilies depending on the number of families in them. Superfamilies with more
families tend to have worse coverage, even though almost half of the families in large
superfamilies have structures, PPI data is available for only 15-20% of them. (b) Growth of
coverage of CDD (solid line) and Pfam families (dashed line) in terms of structures (blue)
and protein interactions (orange).
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Table 2

Coverage of CDD superfamilies and CDD/Pfam families with structures and structural protein-protein
interactions

Total With With  Without
structure  structure, structure

and PPI no PPI
CDD superfamilies 1060 794 133 133
CDD families 9860 2912 1838 5110
Pfam families 14831 3740 2009 9082
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