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Abstract

DAPID is a database of domain-annotated protein interactions inferred from three-dimensional
(3D) interacting domains of protein complexes in the Protein Data Bank (PDB). The DAPID data
model allows users to visualize 3D interacting domains, contact residues, and molecular details
of any predicted protein-protein interactions. OQur model derives these interactions by utilizing a
new concept, called the “3D-domain interologs” which is similar to “interologs”. In §. cerevisiae,
there is 18.6% overlap between our predicted protein-protein interactions and ones in the DIP
database. The mean correlation coefficient of the gene expression profiles of our predicted interac-
tions is significantly higher than that for random pairs in S. cerevisiae. In addition, we find several
novel interactions which are consistent with the functions of the proteins. The DAPID currently
holds 1008 3D-interacting domain pairs and 101511 predicted 3D-domain annotated protein-protein
interactions. It is available online at http://gemdock.life.nctu.edu.tw/dapid.

Keywords: domain-domain interaction, protein interaction prediction, swiss-prot keyword annota-
tion

1 Introduction

Protein-protein interactions are involved in most biological processes. Identifying their associated
networks comprehensively is the key to understanding cellular mechanisms [11]. Many experimental
and computational methods have been proposed to identify protein-protein interactions, which were
collected in some databases, such as DIP [27], BIND [1], MIPS [22], and STRING [31]. The interaction
data obtained from these methods mainly includes physical interactions (proteins interact directly) and
functional associations (proteins have related biological functions) [30]. A well-known problem with
most large-scale experimental methods, like the two-hybrid system [16] or affinity purifications [23],
is the high false-positive rate of their generating protein interactions [32]. Computational approaches
which predict protein-protein interactions have used gene expression profiles citebib10, phylogenetic
profiles citebibll, known 3D complexes [2, 3, 20], interologs (two proteins will interact with each
other if their othologous proteins do as well) [21], and domain-pair profiles [33]. The development of
computational approaches to map interactions seems useful in light of the shortcomings of large-scale
experimental methods.

Despite a variety of the strategies and methods have used in identifying protein-protein interactions,
only a few of them have paid attentions to known 3D-complexes in the PDB [12] and 3D-interacting
domain databases, such as the 3did [29] and iPfam [13]. Generally, known 3D structures of interacting
proteins and complexes are able to provide an atomic description of how the interaction probably
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occurs and to support the visualization of protein-protein interactions at the molecular level. In
addition, it is usually possible to build an interaction model of two proteins by comparative modeling
if a known complex structure comprising homologs of these two proteins is available [2, 3, 20].

Here we address these questions using a new concept, the “3D-domain interologs” which is similar
to “interologs” [21]. The 3D-domain interologs (Figure 1), the core idea of our DAPID method, is
defined as “Domain a (in chain A) interacts with domain b (in chain B) in a known 3D complex, their
inferring protein pair A’ (containing domain a) and B’ (containing domain b) in the same species would
be likely to interact with each other if both protein pairs (A’ and A as well as proteins B and B’) are
homologous”. We have used 3D-domain interologs to predict physical protein-protein interactions and
to provide an atomic description of the interfaces ultimately responsible for interaction specificity.
Large amount of our predicted protein-protein interactions were evaluated in S. cerevisiae based
on three factors, including the TP/FP ratio (the ratio of true to false positives), enrichment, and
correlation coefficient of gene expression profiles.

To the best of our knowledge, the DAPID is the first database to use 3D-domain interologs for
inferring 3D-domain annotated protein interactions. The DAPID is able to provide 3D interacting
domains and contact residues for visualizing molecular details of any predicted protein pairs. The
DAPID currently holds 1008 3D-interacting domain pairs and 135535 protein-protein interactions,
including 101511 interactions (74.9%) derived from our 3D-domain interologs, 1111 interactions (0.8%)
directly extracted from PDB complexes, and 32913 interactions (24.3%) summarized from the DIP
database (Table 1). The DAPID consists of eight common organism models, including Homo sapiens,
Mus musculus, Rattus norvegicus, Drosophila melanogaster, Caenorhabditis elegans, Saccharomyces
cerevisiae, Helicobacter pylori, and Escherichia coli.

Table 1: Statistics of the protein-protein interactions on eight common organism models in the DAPID
database. (*?Interactions are extracted from the DIP and the PDB databases, respectively.

Species Our method DIP®@ PDB®

Homo sapiens 53669 1227 437

Mus musculus 39689 240 297
Rattus norvegicus 4461 91 70
Drosophila melanogaster 857 11847 4
Caenorhabditis elegans 941 3835 1
Saccharomyces cerevisiae 1158 14779 219
Escherichia coli 603 760 82
Helicobacter pylori 133 134 1

Total 101511 32913 1111

2 Materials and Methods

3D-domain interologs

Figure 1 shows the overview of our method using 3D-domain interologs to extract domain annotated
protein-protein interactions from 3D protein complexes by performing the following steps: (i) identify-
ing the interactive domains (domains a and b) and contact residues of a 3D complex (containing chains
A and B) in the PDB [12]; (ii) projecting the Pfam domains [8] onto the interactive domains in the
complex using the domain boundary defined by the Pfam database; (iii) identifying two protein families
(A’ and B’) which contain the corresponding domains (e and b) from the Swiss-Prot database [6]; (iv)
calculating the homologous scores between the protein templates (A and B) and their corresponding
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homologous proteins (A’ and B’) with three factors, including knowledge annotation, contact residues
matching, and sequence similarity; (v) evaluating the joint score of the protein pair (A’ and B’) by
our scoring function. If the score exceeds a threshold, the two proteins are predicted to interact with
each other .
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Figure 1: Overview of our method using 3D-domain interologs.

3D-interacting domains

To counstruct a database of 3D-interacting domains, we used known 3D complexes to identify contact
residues of two chains. Contact residues, whose Cg (or C, in glycine) should be within a threshold
(distance < 8 A) to any Cgs of another chain, were considered as the core parts of the 3D-interacting
domains in a complex. Each chain must have more than 5 contact residues and the threshold was
chosen to make sure that the contact between the domains was reasonably extensive [24]. A total
of 1649 nonredundant hetero-chain pairs were extracted from the PDB when the homo-chain pairs
were excluded. To define the domains in the DAPID, we used the domain definitions from Pfam
classification database, which well defined the domain boundary in protein sequences. The Pfam
domains were then projected onto these 1649 complexes. In this way, 671 nonredundant domains and
1008 3D-interacting domain pairs were obtained.
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Protein-protein interaction candidates

We used “3D-domain interolog generalized mapping method” to generate all possible protein-protein
interactions as shown in Figure 1. All proteins (A7), containing the Pfam domain a from the Swiss-
Prot database, are considered as a family (A’) for any given domain (a) in our 3D-interacting domain
database. Two interacting families (A’ with m members and B’ with n members) are that at least
one protein member (A’) of a domain family (A’) interacts with a protein member (B’) of the other
domain family (B’). We generated protein-protein interaction candidates by considering all possible
protein pairs (e.g. mn pairs in Figure 1) of these two interacting families (A’ and B’), called generalized
3D-domain interolog mapping method. In this way, a total of 24353629 protein-protein interactions
can be yielded from 1008 3D-domain pairs. Finally, 845041 candidates of protein interactions where
two interacting proteins are the same species were evaluated.

Joint scoring function

A goal of this work is to measure the reliability of protein-protein interactions derived from 3D-domain
interologs. We have developed a new joint scoring function based on knowledge annotation similarity,
sequence similarity, and the score of aligned contact residues between a member (A’ or B’) in the
predicted interactive protein pair and its protein template (A or B) (Figure 1). The joint scoring
function (I4p') of proteins A’ and B’ is defined as the smaller one of two individual homologous
scores and given as

IA’B’ :min(HAA/,HBB/) (1)

where Hy 40 is the homologous score between the template protein A and its homolog protein A,
Hpp is the homologous score between the template protein B and its corresponding homolog B’.
The templates A and B are the 3D-interacting chains in a complex and proteins A’ and B’ are two
predicted interacting proteins, which contain a domain pair ¢ and b, respectively (Figure 1). The
Hy ye is defined as

Hya = Kan +0.5(Eqa + San) + Daa (2)

where K44 is the score of the keyword annotation defined in the Swiss-Prot database [9]; F4/
(Eqa=-log(e-value)) and S 4 are the scores of e-value and sequence similarity, respectively, of aligning
the two protein sequences (A4 and A’) by using PSI-BLAST [4]; D44 is the score of the aligned contact
residues based on BLOSUMG62 substitution matrix. We normalize these scores ranging from 0 to 1 to
correctly combine these scores.

In order to calculate the score (K4 4/) of keyword annotations, we adapt and modify the well-known
TF-IDF scoring scheme commonly used in document retrieval systems, where TF is the keyword
frequency in a given protein and IDF is the inverse protein frequency of the keyword [5]. In the
Swiss-Prot database, TF; is 1 and IDF; is equal to loga(N/n;) for a given keyword i in a protein where
N (188477 in Release 47.5) is the total number of proteins and n; is the number of proteins comprising
the keyword i. The TF-IDF weight (Wy,) of the keyword i in the protein A is defined as TF; x IDF;.
Given a protein pair A and A’, their score (K44/) of the keyword annotation can be calculated as

M M M
Kan =Y, (WAiWA;)/\l (Z WA?) X <Z WA;2> (3)
i=1 i=1

=1

where M is the total number of keywords in the Swiss-Prot database; Wy, and WA; are the TF-IDF
weights of the keyword 7 in the proteins A and A’ respectively.
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3 Results

Quality assessment

Three factors were used to evaluate the performance of our method, including the TP/FP ratio,
enrichment, and correlation coefficient of gene expression profiles (Figure 2). The TP/FP ratio is
defined as Ap/Fj, where A and Fj, are the numbers of known positives (i.e., interacting protein
pairs) and negatives (i.e., non-interacting protein pairs) in the predicted protein-protein interactions,
respectively. The enrichment is defined as (Ap/Th)/(A/T) where T, is the number of predicted
protein-protein interactions; A is the total number of positives; T is the total number of possible
interacting protein pairs.
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Figure 2: A summary analysis of the ability of our 3D-domain interologs in S. cerevisiae. (a) The
TP/FP ratio (black) increases monotonically with the values of our scoring function. The TP/FP
ratio is 1.126 and the number of candidates (red) is 1158 when the score is set to 0.5. (b) Comparison
of the performance of our scoring function considering the score of keyword annotation (black) or
excluding the keyword score (red). (c) Distributions of the correlation coefficients of gene expression
profiles for four interacting protein sets: our predicted protein-pair sets with thresholds 0.5 (orange)
and 0.6 (green), the DIP protein-pair set (blue), and the non-interacting protein-pair set (gray). The
correlations of our predicted data sets are much higher than ones of other two data sets.
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As the interactions in S. cerevisiae are the most extensive, reliable, and well studied, we measured
the quality of our predicted interactions in S. cerevisiae. 14779 protein-protein interactions in the DIP
database were used as the positive set and 2599785 noun-interacting protein pairs defined by Jansen
et al. [17] as the negatives if we discarded the interacting proteins which are not in the Swiss-Prot
database. The total number of possible interacting pairs is ~18 millions made by ~6000 proteins in
S. cerevisiae [17]. Therefore, A and T are 14779 and 18000000, respectively. We can yield a set
of predicted protein-protein interactions by setting the threshold of our joint scoring function. For
example, Ay is 215, Fp, is 191, and T}, is 1158 when the threshold is 0.5. In this case, the TP/FP
ratio is 1.126 and the enrichment is 226. The TP/FP ratios (black circles in Figure 2(a)) increase
monotonically with the scores of our joint scoring function (I4/p), confirming 4 as an appropriate
measure of a real interaction. Protein pairs with I 5> 0.5 have a better than 50% chance (TP/FP
ratio > 1) of being in a physical interaction. We suggest I 4 pr=0.5 as an appropriate threshold which
is used throughout our analysis and to select 101483 protein pairs from 845041 protein pairs in the
DAPID. Figure 2(b) shows that our method is better than the random pairing method about 226
times due to the number of protein-protein interaction is 1158. In addition, Figure 2(b) shows that
our keyword annotation score (Equation 3) is a useful strategy to improve performance and enlarge
the number of predicted protein-protein interactions.

Furthermore, the gene expression profiles of two interacting proteins were also used to access
the accuracy of our method (Figure 2(c)) according to the basic assumption, that is, the gene pair
with similar expression profiles is likely to encode an interacting protein pair [17]. We used the
gene expression data of Hughes et al. [15] for S. cerevisiae to calculate the correlation coefficient of
two interacting proteins. Figure 2(c) shows the distributions of the correlation coefficients for four
interacting protein sets, including our predicted protein pairs in S. cerevisiae with thresholds 0.5
(1158) and 0.6 (575), protein pairs in the DIP database (14779), and the non-interaction protein pairs
(2599785). The correlations of our predicted data sets are much higher than ones of other two data
sets. By standard two sample T-test, the mean of correlation coefficients for our predicted protein
pairs (threshold=0.5) is significantly higher than that for the negative set (p value <~1079).

DAPID features and examples

Queries of the DAPID can be made using UniProt accession number, gene name, or keyword. An ex-
ample (gene name is bmp2 and its UniProt number is P12643) of the DAPID search and usage is shown
in Figure 3. BMP2 induces bone regeneration and ectopic bone formation in adult vertebrates [26].
Our method predicted 10 interacting-protein partners of human BMP2, including 3 partners recorded
in the DIP database and seven novel ones. Figure 3(b) shows the query results comprising inter-
action analysis, 3D-interacting domains, and some basic information of the interacting partners. In
the interaction-analysis field, the DAPID indicates the sources of protein-protein interactions from
3D-domain interologs, the DIP database, and the PDB. The numbers in the parentheses represent
the numbers of interaction evidences in the respective databases. If a protein-protein interaction is
inferred from our 3D-domain interologs, this interaction is colored green (the DAPID score > 0.6) or
orange.

The DAPID provides 3D interacting domains (Figure 3(c)) and contact residues (Figure 3(d)) for
visualizing molecular details between the query protein and its interacting partner. For instance, the
two interacting proteins, human BMP2 and ACVR2 (UniProt number is P27037), are predicted from
the 3D protein complex (PDB code 11x5 with chains A and B). This interaction is also recorded in the
DIP database. The DAPID shows evidences about this interaction, such as the sources, references, the
DAPID score, and the 3D-interacting domain pair (i.e., TGF_beta domain and Activin_recp domain).
The contact residues between chains A and B of the complex are shown in the SPACEFILL model
(Figure 3(c)). The DAPID used PSI-BLAST to align the protein sequences of BMP2 and ACVR2 to
their corresponding templates (i.e., 11x5:A and 11x5:B). The aligned contact residues are colored green
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Figure 3: Screenshots of a DAPID query example. The query gene name is bmp2 and its UniProt
number is P12643 in this example. (a) Three ways to query in the DAPID: UniProt accession number,
genet name, or keywords. (b) Interacting partners of BMP2. (¢) The interaction between BMP2 and
ACVR2 (UniProt number P27037) inferred from this 3D protein complex (PDB code 11x5 with chains
A and B). The 3D-interacting domains are TFT _beta (BMP2 with green) and Activin_recp (ACVR2
with yellow), and the contact residues are shown in the SPACEFILL model. (d) Sequence alignment
results of aligning interactive proteins (BMP2 and ACVR2) into their corresponding structural tem-
plates (11x5:A and 11x5:B). Residues in the interaction domains are indicated as upper case, aligned
contact residues are colored green (BMP2) or yellow (ACVR2), and the identical contact residues are
indicated as bold. Four important residues, 316A, 370S, 372L, and 382L for BMP2 interacting with
ACVR2 [18], are labeled.

or yellow and the identical contact residues are indicated as bold (Figure 3(d)). Kirsch et al. [18]
identified four residues, 316A, 370S, 372L and 382L, which are important for BMP2 to interact with
ACVR2. The DAPID can correctly identify these four residues (Figure 3(d)).

The COPII coat which consists of Sec23p/Sec24p, Sec13p/Sec31p and a small GTPase is required
for vesicle budding from the endoplasmic reticulum [28]. Our method yielded eight interacting partners
of the protein Sec23p (UniProt number is P15303) in S. cerevisiae. Three interacting partners (Sec24p,
Sth2p, and Stb3p) are recorded in the DIP database, one partner (Sarlp) forms 3D complex with
Sec23p in the PDB, one partner (Sec23p) is found in the MIPS database [22], and remaining proteins
(Arflp, Arf2p, and Arf3p) are novel interacting partners which consistently contain the Arf domain.
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By analyzing the protein 3D complex (PDB code 1m20 with chains A and B), we observed that
Sec23_trunk domain interacts with Arf domain. Previous works showed that ARF protein family and
the protein Sec23 are implicated in vesicular transport pathway [7]. Therefore, Arflp, Arf2p or Arf3p
may be reasonable interacting to Sec23p based on protein functional views.

Discussion and future directions

It has been known that two proteins are homologous to another protein pair in a known complex
does not necessarily interact with each other. We will enhance our scoring function by considering
the empirical pair potentials derived from interfaces of known structures [2, 20] and other knowl-
edge annotations (e.g. GO annotations [14] and other annotations in the Swiss-Prot database). In
addition, the definitions of 3D-interacting domains extracted from some complexes may be different
from the definitions of the Pfam domains. The next data release will cover other domain definitions,
e.g. SMART [19] and ProDom [10]. Furthermore, we will integrate interaction data from some differ-
ent public databases, e.g. DIP, BIND, and STRING, and our DAPID for studying the protein-protein
networks.

In summary, the key novelty of the present work is that we utilize the 3D-domain interologs
and joint scoring function incorporating knowledge annotations, sequence and structural similarity to
predict physical protein-protein interactions from high-resolution structure complexes. Our DAPID is
able to provide an atomic description of the interfaces ultimately responsible for interaction specificity
and to visualize protein-protein interactions at the molecular level.
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