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ABSTRACT

The PIPs database (http://www.compbio.dundee.ac.
uk/www-pips) is a resource for studying protein-
protein interactions in human. It contains predic-
tions of >37000 high probability interactions of
which >34000 are not reported in the interaction
databases HPRD, BIND, DIP or OPHID. The interac-
tions in PIPs were calculated by a Bayesian method
that combines information from expression, orth-
ology, domain co-occurrence, post-translational
modifications and sub-cellular location. The pre-
dictions also take account of the topology of the
predicted interaction network. The web interface
to PIPs ranks predictions according to their likeli-
hood of interaction broken down by the contribution
from each information source and with easy access
to the evidence that supports each prediction.
Where data exists in OPHID, HPRD, DIP or BIND
for a protein pair this is also reported in the
output tables returned by a search. A network brow-
ser is included to allow convenient browsing of the
interaction network for any protein in the database.
The PIPs database provides a new resource on pro-
tein-protein interactions in human that is straight-
forward to browse, or can be exploited completely,
for interaction network modelling.

INTRODUCTION

Protein—protein interactions (PPIs) regulate many funda-
mental cellular processes. As a consequence, a key step
in understanding the function of a protein in its cellular
context is to identify potential interacting partners. PPIs
are typically identified on a small scale by pull-down
experiments or similar techniques, but this approach is
too slow and expensive to meet the goal of identifying
all the PPIs necessary to provide a rich picture of
the functional and dynamic properties of the cell (1).

High-throughput methods, such as yeast two-hybrid seek
to overcome the time constraints of traditional protein-
by-protein methods and have been applied to the study
of PPIs in many organisms, including Saccharomyces
cerevisiae (2,3) Caenorhabditis elegans (4), Drosophila
melanogaster (5,0), Escherichia coli (7) and more recently
human (8,9). Although high-throughput methods provide
data for large numbers of potential interacting pairs, they
unfortunately often have much higher error rates than
traditional approaches (10). Computational methods to
predict PPIs complement experimental methods. They
can efficiently integrate data from numerous sources in
order to make predictions of the likelihood of interaction
between two proteins (11).

There are several public repositories that store PPIs
identified by experimental methods. Databases, such as
the HPRD (12,13), DIP (14), IntAct (15), BioGRID (16)
and MINT (17) all provide lists of experimentally deter-
mined interactions. Many of these resources contain only
interactions that have been observed experimentally,
but these data are not yet representative of a complete
interactome.

It has been suggested that the human proteome includes
around 300 000 PPIs (18) out of a potential > 300 000 000.
This estimate does not account for the numerous varia-
tions in interacting pairs due to post-translational modifi-
cations and alternative splicing. However, the number of
human PPIs that have been experimentally determined
is an order of magnitude less as shown in Table 1. The
importance of prediction in filling this gap has been
recognized by a number of groups and led to the develop-
ment of databases, such as OPHID (19) and POINT (20)
which predict PPIs as well as STRING, a database of
predicted protein—protein associations (direct and indirect
PPIs) (21). All three services computationally predict
likely PPIs (whether direct or indirect) based on ortho-
logy, annotations and/or experimental information and
have substantially increased the size of the human inter-
actome. However, neither OPHID nor POINT ranks
the predictions in order of likelihood. Furthermore, the
breakdown of the evidence for interaction is limited to a
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Table 1. Number of human PPIs that have been determined experimentally and the results made available via publically accessible databases

Database No. of interactions No. of proteins Website Reference
DIP 1923 1298 http://dip.doe-mbi.ucla.edu/ (14)
HPRD 38167 25661 http://www.hprd.org/ (12,13)
IntAct” 24274 8766 http://www.ebi.ac.uk/intact/ (15)
MINT 20832 6106 http://mint.bio.uniroma?2.it/mint/Welcome.do 17
MIPS 355 423 http://mips.gsf.de/cgi-bin/proj/ppi/prot2ppi.cgi 31

All values were extracted from the respective databases statistics pages except where identified (x). Values obtained 8 August 2008.
*The number of unique proteins and interactions was calculated by searching for all human binary interactions within IntAct then analysing

the downloaded PSI-MI data file.
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Figure 1. Interaction Summary for the protein IPI00016572 (SNRPG): this page shows the predicted interactors, ordered by the score in descending
order from the most probable interactor. The name of the predicted interactor and a breakdown by predictive feature is also shown with links to

retrieve the evidence for the predicted interaction.

summary of correlation scores or a binary indication of
co-occurrence. STRING provides an aesthetically pleas-
ing, informative and user-friendly method of accessing
its predictions and the primary data, but does not distin-
guish between direct physical interactions and indirect
relationships, which include transcriptional relationships
as well as co-pathway membership (21).

In this article, a new database—PIPs—of predicted PPIs
for human is described. The predictions stored in PIPs are

derived by a Bayesian prediction method that combines
information on the likelihood of interaction from a variety
of sources (11). A novel feature of the method is to use a
‘Transitive’ module that gathers evidence for interaction
from examination of predicted common interactors to
a pair of proteins. The unique combination of features
examined allowed the generation of a set of predictions
that are mostly orthogonal to other PPI databases (11).
The database and its interface allow the user to see the full

220z 1snbny /| uo Jesn sonsnp Jo Juswuedad "'S'N A9 2692101/1590/1 Iddns/zg/8onue/1eu/woo dnoolwepese//:sdiy woll pepeojumod



(a) Scora
Featura Evidenca (7
Benz Exprassion 0.082
FPearson's Correlation between SNRPG and SNRPD2 = 082

Data sollated from the dataset GOS526

Crtholagy SMRPG O SHRPDA O 0,505
Inparalon Inparalog
Organism Score Score Experiment
bakers YELOT7Y-A1 [YLE147S |1
yeast = Cther
» AMnityCapureis
|Sel References Fram
Pubhied
T CAN4 G 1 17245 1
ffly CEVXED 1 44427 1
The Irgaralog Score is calcuated by InFaranoid
The experiment type Cther refers to techniques other than ¥ 2H. ME, Immuncprecipitation,
SurfacePlasmonResonance. XrayDiffraction, Zinking, CompstitionBinding.
. G i y, AffirityCh by, Invi ing, Intitro.
Vivie, Fariestern, pulCown, AffirityCapturelds, EpistatichlinidrrayProfile,
i i . Bi i ivity, Codr . FRET.
R amplax, Colocali i ion or Cof
(c) e Score 280
[The comman interaztors between SHRPG and SMEPC that are considered by the Transitive
frechde are listed helow.
[The Scores listed are the values used by the transitvemodule te calcuiate the final ineraction
Seore between SNREPG and SHRPDS. The values listed are thersfore net the final Seore
salue for the list=2 interactions.
With an Score value =0.025 . SNREPG has 256 interaciors and SHRPDZ has 1151 Interactors,
fot which there are 236 commen interactors.
Score for Score for
Common SNRPG- SNRPD3-
Interactor Mame of Common Interactor Interactor (7) || Interactor (2]
SHEPD [SHRFDOT: Small nuclearn 2.07TE3| 341E3
bibanuclecgraten Sm 0
LEMS LShiS: UG snRMA-assoclated Sirlike 581.00 3A41E3
fpretein LEmS
LEM4 LShid: UG snRMA-assoclated Srrlke 581.00 323.00
pretein LEmd
SMEPD2 SHRFDZ. SHRPD: Small nuckear E01.00 207E
Fibonuslecorotein Sm 02
FRPF4 FRPFS. PRF4: LI4/LIG small nuckear 69 60 55,50
Fibonuslesprotein Pt
AL (AECCALT. HELIGZ, KIAADTLE: LIS 32 60 4311.00
small ruclear ribonucleoprotein 200 kDa
helicase

Nucleic Acids Research, 2009, Vol. 37, Database issue D653

Domains present in SNRPS and SNRPD3 |

| Domains in SNRPG

IPROCT162 Small nuclear
ribehucleopratein | Sm proteing

IPRO10820 Small nucleat-like
ribehucleoprotein

IPROCEE4S snRINF damain

Domains in SHRPD3
IPROOT1E3 Small nuclear
ribonuckoprotein | Sm pretein;
[PROTO0S 20 Small nuclear-like
ribonuckeoprotein
[PROOBEAS snRMNF dormain

0 265

The Ché aguare scoles for co-oceunmence of doniing that are present in SHEPG and
EMRPDS are beed below.

chi
| Squars

1207 61

EE
76882

{14385
St racleariie 255.238
Hberuclecprateln
Tha background colowr of the table refers to:
Comain is only presert in SNRPG
Comain is ohly prezsnt in SMREFDS

D;'.m\ain ie present in both SMRPG and SRRPDE

Posttranslational

idodifications Frotein: SHMRPG
PTH Residus|Referance;
Frofein; SNRFD3
PTM  |Recidus| Referance
Pethylation [118 [Pucsided. BIFRD
FAethylation [112 [Pubided, [<FRD
Pdcthylation |14 [Putiled LFRD
[ethytation 112 [Pusided, LFED:
Lazalization '

Pratein: SHRPG

L
(Mugleus HERD
Cyteplasm  JHERD

Frotein: SHRPD2
=
Mucleus [HPED
\Muclealus HPERD

Figure 2. (a) Evidence of Interaction Summary page for the interaction between SNRPG and SNRPD3: Sections Gene Expression and Orthology
provide details about the predictions based on expression and orthology for the interaction pair. (b) Sections Domains, Post-translational modifica-
tion and Localization provide the information that was used by the combined module describing the co-occurrence of domains within the protein
pair, post-translational modifications and localization of the proteins within the cell. (¢) Section Transitive score provides a list of the common
interactors with an integrated interaction score >0.025 for the expression, orthology and combined modules. These common interactors are
considered by the Transitive module for calculating the likelihood of interaction between SNRPG and SNRPD3. In total, there are 236 predicted
common interactors; the figure shows only the top six common interactors.

evidence trail for each predicted interaction. In this way,
PIPs is a resource not only for large-scale modelling of
protein interaction networks, but also as an exploratory
tool for the cell/molecular biologist who wishes to under-
stand more about the predicted interaction network for
the protein they are studying.

THE DATABASE
Overview

The PIPs database is a resource of PPIs in human pre-
dicted by a naive Bayesian model as described in Scott and
Barton (11). Briefly, the method (11) combines informa-
tion from gene co-expression, orthology, co-occurrence of
domains, post-translational modifications, co-localization
of the proteins within the cell and analysis of the local
topology of the predicted PPI network. The different

evidence types are programmed as separate modules
with each module giving a score of interaction. The indi-
vidual module scores are combined to give a prediction for
the overall likelihood of interaction given the available
data.

The full database of predicted interactions includes
details about 69965 human proteins imported from the
IPI (22) together with interaction scores for 17643 506
protein pairs, of which 37606 are predicted to interact.
For each protein pair, the overall score is stored along
with a breakdown of the scores provided by each of
the modules. Further information is stored that details
the evidence that was used in calculating the final score.
The evidence includes 5872 S. cerevisiae, 23195 C. elegans
and 27629 D. melanogaster proteins that were analysed by
InParanoid (23) to identify orthologous protein pairs,
where each protein was known to be involved in an inter-
action. Details of the InterPro (24) motifs and domains,
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the sites of post-translational modifications, and each
protein’s sub-cellular localization are also stored, as well
as the Pearson’s correlation coefficients from analysis of
expression data. In order to simplify exploration of the
predicted interactions, links are stored to external data
sources including, RefSeq (25), UniProt (26) and Entrez
(27). Comparisons to other publicly available databases
of interactions are simplified by the inclusion of links to
HPRD (12,13), DIP (14), BIND (28) and OPHID (19) for
protein pairs that are represented in those databases.

The PIPs database was constructed on a Linux server
running the MySQL database software and Apache/
Tomcat for the web server. The front-end utilizes Java
Server Pages (JSP) to provide a dynamic and easy to navi-
gate web interface.

The PIPs web interface

The front page of the PIPs interface allows for simple
searches with the IPI, UniProt or RefSeq identifier for a
protein, or a text search with keywords. The output may
be restricted by adjusting the minimum score threshold.
The Advanced Search allows the query protein sequence
to be compared with the protein sequences stored in the
PIPs database by MagicMatch (29) which returns exact
matches to the query sequence. If no match is found, a
BLAST (30) search may optionally be run to find
sequences that are similar to the query. A batch mode is
available to allow larger numbers of protein IPI identifiers
to be run against the database as a single set.

Figure 1 illustrates the result of searching with
IP100016572 (SNRPG-small nuclear ribonucleoprotein
G) via the quick search from the front page and selecting
to view the scores from each module. The Interaction
Summary Page for SNRPG shows interacting pairs of
proteins ranked in descending order by the final interac-
tion score. The output includes the name of the protein
and scores obtained by each of the different modules. For
example, the interaction between SNRPG and LSMS8
seen in Figure 1 shows that a low contribution was
made by the orthology and combined modules, but the
expression and transitive modules provide the major con-
tribution to the final score. In contrast, the interaction
between SNRPG and SNRPD3, the modules expression,
orthology, combined and transitive are all predictive of
this interaction. The ‘Evidence’ column provides a link
to view the evidence that was used by each of the modules
in calculating the final interaction score, while the
‘Database’ column lets the user know if the pair of pro-
teins has been reported as interacting in other databases
[Currently—BIND (28), DIP (14), HPRD (12,13) and
OPHID (19)].

Figure 2a—c show the Evidence of Interaction page for
the interaction predicted between SNRPG and SNRPD3
that was identified in Figure 1. The page is organized into
six sections which provide a break-down of the informa-
tion on expression, orthology, domains, post-translational
modifications, localization and topology (transitive) score.

For each protein analysed in the prediction, a Protein
Summary page is available as a link from the main
prediction result page. For example, Figure 3 shows the
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Figure 3. Protein Summary for the protein SNRPG: information about
the selected protein including a breakdown of the number of predicted
interactions and the number of interactions within external databases.
Links are also provided to obtain further details about the protein from
the HPRD, RefSeq, Entrez and UniProt.

Protein Summary page for the SNRPG protein. The
summary shows the number of predicted interactions
above a given threshold (57 predicted interactors with a
Score >1.0 of which four have a Score >2500). The table
also provides links to external protein databases including
RefSeq (25), HPRD (12,13), UniProt (26) and Entrez (27).

Figure 4 illustrates the display of interactions through a
new Java applet that can be accessed from the Protein
Summary page. Users are able to view the network of
the predicted protein interactions out to a path length
of two from the query protein. Within the applet the
user is able to view the network with and without proteins
that have only a single connection. The user can also grow
the graph by selecting a protein and clicking on the ‘Grow
Network ...” option. Once the network has been created
it is possible to save the network as an image or save an
adjacency list of the proteins so that they can be rep-
resented in an external application, such as Cytoscape
(http://cytoscape.org/) or Graphviz (http://www.graph
viz.org/).
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Figure 4. Network view of the predicted interactors of SNRPG: Java application to view the local topology of the predicted PPI network. Left:
network image of the predicted primary and secondary interactors of the protein SNRPG (blue). Right: network image of the predicted primary and
secondary interactors of the protein SNRPG (blue), with all interactors that have only a single predicted interaction removed from the image.

SUMMARY

It has been estimated that only 10% of the human inter-
actome has been identified (18). The PIPs database allows
the user to browse and easily access many additional high
probability predicted human interactions and to see the
evidence that led to each prediction. It also provides a
source of information to help improve the design of
experiments to investigate further the function of proteins
in the human proteome. All predictions are ranked allow-
ing the most probable interactions to be investigated first
rather than being given a flat list of predicted interactions.
The database is freely available to search/explore at
http://www.compbio.dundee.ac.uk/www-pips.
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