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ABSTRACT

The predicted Arabidopsis interactome resource
(PAIR, http://www.cls.zju.edu.cn/pair/), comprised
of 5990 experimentally reported molecular inter-
actions in Arabidopsis thaliana together with
145494 predicted interactions, is currently the
most comprehensive data set of the Arabidopsis
interactome with high reliability. PAIR predicts inter-
actions by a fine-tuned support vector machine
model that integrates indirect evidences for inter-
action, such as gene co-expressions, domain inter-
actions, shared GO annotations, co-localizations,
phylogenetic profile similarities and homologous
interactions in other organisms (interologs). These
predictions were expected to cover 24% of the
entire Arabidopsis interactome, and their reliability
was estimated to be 44%. Two independent
example data sets were used to rigorously validate
the prediction accuracy. PAIR features a user-
friendly query interface, providing rich annotation
on the relationships between two proteins. A graph-
ical interaction network browser has also been
integrated into the PAIR web interface to facilitate
mining of specific pathways.

INTRODUCTION
Protein—protein interactions (PPIs) are the major compo-
nents of many fundamental cellular processes.

Identification of the interactions involving a protein is
often a key step toward understanding its functions in
the cellular context. Many efforts have been made to
chart PPI maps in several model organisms. In
Saccharomyces cerevisiae (1,2), Drosophila melanogaster
(3), Caenorhabditis elegans (4) and Homo sapiens (5,0),
genome-wide yeast two-hybrid screens and large-scale
affinity purification/mass spectrometry studies have been
conducted to map their interactomes. Meanwhile, a
number of databases, such as IntAct (7), BloGRID (8),
BIND (9) have been established as repositories for inter-

action data. The STRING database (10) collected a large
set of known and predicted protein interactions. The
quality of experimentally reported interactions has been
rigorously assessed (11). However, to date, no large-scale
experiment aiming to map a plant interactome has been
reported (12). The number of plant PPIs in these data-
bases remains very limited.

In the plant kingdom, Arabidopsis thaliana is arguably
the most important model organism. Even for this
best-studied model, less than 6000 experimentally
reported interactions can be found in major data
repositories. Therefore, the need for predicted interactions
has been recognized by several groups and led to a series
of efforts to predict the Arabidopsis interactome.
Geisler-Lee et al. (13) predicted approximately 20000
Arabidopsis interactions from homologous interactions
in other species (the ‘interolog’ approach). A recent
study went one step further to use functional association
data to improve prediction reliability, which resulted in
approximately 18000 filtered predictions (14). Though
useful, these interolog-based approaches are limited to de-
tecting evolutionarily conserved protein interactions,
whereas a significant number of A. thaliana proteins do
not have orthologs in other model organisms with rich
interactome information. Another work, the AtPID
database (15), predicted approximately 23 000 interactions
from multiple indirect evidences using a Naive Bayesian
approach. This work represented a conceptual advance in
interaction prediction, yet the number of predicted inter-
actions seemed to be too small to represent a comprehen-
sive interactome. In addition, the AtPIN database (16)
integrated experimentally reported interactions from the
major data repositories and the predicted interactions
from the Geisler-Lee data set and the AtPID database.

However, in all the prediction efforts, accuracies were
not rigorously assessed with external benchmark data sets,
nor could they give a reasonable estimation of the
Arabidopsis interactome size. It has been suggested that
the yeast interactome includes approximately 18000
PPIs involving approximately 6000 genes (17). Assuming
the same rate of interaction between genes, approximately
200000 Arabidopsis PPIs would be expected between the
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approximately 20000 Arabidopsis genes. Therefore, the
number of experimentally reported interactions and the
sizes of available predicted interactomes are approxi-
mately an order of magnitude less than the expected size
of Arabidopsis interactome.

Here, we present the predicted Arabidopsis interactome
resource (PAIR), which contains the most comprehensive
data set of the Arabidopsis interactome to date. These
interactions are expected to cover 24% of the entire
Arabidopsis interactome with a reasonably high reliability
(confidence of each predicted interaction) of 44%. PAIR
features an information-rich and user-friendly interface
and an integrated, graphical interaction network browser
to facilitate mining of specific pathways.

THE DATABASE
Overview

The PAIR project started as a simple effort to infer
Arabidopsis interactions by homology mapping. In
3 years, it gradually evolved into a dedicated effort
aiming to provide the most accurate interactome predicted
by the state-of-the-art machine learning approach. The
current version of PAIR (V3.3) contains 5990 experi-
mentally reported molecular interactions together with
145494 predicted interactions in A. thaliana.

The 5990 experimentally reported interactions were col-
lected from three interaction repositories, i.e. IntAct (7),
BioGrid (8) and BIND (9), as of 23 July 2010, and the
interaction data set compiled by TAIR curators (18). All
these major interaction data repositories manually curate
data from literature. However, the Arabidopsis inter-
actions collected by these repositories showed a small
overlap (19). In our compilation, only 131 interactions
were shared by all repositories. Therefore, integration of
their data is necessary and helpful. In this effort, PPIs in
these repositories with experimental evidence were
extracted. Protein identifiers in respective repositories
were mapped to the Arabidopsis gene loci according to
the conversion tables provided by TAIR (Version 9)
(18). Interactions involving proteins that could not
be unambiguously mapped were discarded. This resulted
in 5990 experimentally reported PPIs involving
2824 proteins.

The 145494 interaction predictions were made at an
earlier time, 1 February 2010, as part of the PAIR V3.0
major release. Due to the heavy computational require-
ments, interaction predictions were only updated with
each major data release. These interactions were predicted
by a support vector machine (SVM) model that integrates
several indirect evidences for interaction, such as gene
co-expressions, domain interactions, shared GO annota-
tions, co-localizations, phylogenctic profile similarities
and interologs (20). The SVM model was trained using a
set of example interactions known as the Gold Standard
Positives (GSPs), which is a collection of interactions in
the major repositories as of 15 June 2009. The prediction
accuracy was validated using two external benchmark
data sets, containing interaction examples that were not
available at the time when we trained our prediction
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model (detailed below). The algorithmic details on how
the indirect evidences were computed, how the prediction
models were trained, and how the prediction accuracies
were evaluated can be found in the Help/FAQ page of
the PAIR website. Altogether, 145494 interactions
involving 9480 proteins were predicted by the PAIR V3
prediction model. These predicted interactions were
expected to cover 24% of the entire Arabidopsis
interactome, and the reliability of each predicted inter-
action was estimated to be 44%. These predicted inter-
actions had 1584 (26.44%) overlap with the 5990
experimentally reported interactions mentioned above.

Altogether, the PAIR 3.3 release contains 149 900 inter-
actions involving 10380 proteins. They can be queried
through a user-friendly web interface, downloaded in a
number of widely-used data formats or mined with a
graphical interaction network browser integrated within
the PAIR website.

The quality of predicted interactions

Two external benchmark data sets were used to verify the
accuracy of predicted interactions. Before showing the as-
sessment results, it needs to be clarified that the interaction
data set searchable at the PAIR website (PAIR V3.3) is
essentially a compilation including the PAIR V3 predic-
tions and the experimentally reported interactions de-
posited in the major interaction databases before 23 July
2010 (update V3.3). In the accuracy assessments below,
only the PAIR V3 predictions without the additional
experimentally-reported interactions were evaluated.

The first benchmark data set contained newly reported
interactions that were not included in the major inter-
action databases at the time (15 June 2009) our positive
interaction examples were assembled. This independent
evaluation set was retrieved from an update of the
BioGRID database (8) (as of 27 December 2009), which
included 448 new interactions that had been
double-checked to avoid any overlap with our GSPs
used in model training. As shown in Table 1, 115 (26%)
of these new interactions were successfully recognized by
our prediction model. This sensitivity (26%) was compar-
able to the expected sensitivity (24%). In contrast, these
new interactions showed much less overlap with other pre-
dicted interactomes. Only 50 interactions could be found
in the Geisler-Lee data set (the Interologs data set) (13), 20
in the De Bodt data set (the Filtered Interologs data set)
(14), 16 in the AtPID database and 57 in the predicted
interactions in the AtPIN database (16). Detailed results
are provided in Supplementary Table S1.

The other benchmark data set was reported by a recent
(April 2010) article in Plant Cell (21), published 2 months
after PAIR V3 was released. In this report, 917 protein
pairs involving 58 core cell-cycle proteins were tested by
two complementary interaction assays, bimolecular fluor-
escence complementation and high-confidence yeast-two-
hybrid, resulting in 357 interactions, of which 293 had not
been reported before (21). Among the 357 reported inter-
actions, PAIR predicted 170 (48%) of them. Among the
293 newly reported interactions, 140 (48%) were correctly
predicted. Again, in this data set, PAIR predicted many
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Table 1. Assessments of prediction accuracy using independent bench-
mark data sets

Independent PAIR® AtPID® Interologs® Filtered AtPIN®

example data set Interologs®

New interactions in 115 16 50 20 57
BioGrid (448)"

All cell-cycle protein 170 22 27 11 37
interactions (357)%

New cell-cycle protein 140 16 16 2 26

interactions (293)"

“The PAIR V3 predicted interactions.

°The predicted interactions in the AtPID database (15).

“The interactions predicted by Geisler-Lee er al. (19) based on
homology to known interactions in other organisms (interologs).

9The filtered interolog-based predicted interactions by De Bodt
et al. (14).

“The predicted interactions in the AtPIN database (essentially the
assembly of the Interologs data set and the AtPID database) (16).
"The newly curated interactions in the BioGRID database (8).

£The 375 interactions between 58 cell-cycle proteins reported in a recent
Plant Cell article (21).

"The 293 interactions reported in (21) that had not been reported
before.

more interactions than other predicted interactomes. As
shown in Table 1, the sensitivity of PAIR V3 was over
four times higher than others. Detailed results are
provided in Supplementary Table S2. On the other
hand, PAIR predicted 338 interactions from the 917 ex-
perimentally tested protein pairs, of which 170 were con-
firmed. Therefore, the reliability of PAIR predictions
reached 50%. In other words, over half of the predicted
interactions were real in this test. However, it should be
noted that the coverage and reliability observed with this
data set (48/50%) were higher than our estimations
(24/44%). This might have happened because the
proteins tested in this experiment were all well-studied
core cell-cycle proteins. Well-studied proteins tend to
have more comprehensive and accurate supporting data
to compute the indirect evidences based on which our pre-
dictions are made. Therefore, the high coverage and reli-
ability observed with this data set may not apply to the
entire predicted interactome. Even so, these results showed
that with the ever-growing volume of protein character-
istics data, PAIR has the potential to predict the
Arabidopsis interactome at higher levels of coverage and
reliability.

It is also worth noting that the size, estimated coverage
and reliability of the predicted Arabidopsis interactome
implied an estimation of the Arabidopsis interactome
size, ~2.58 x 10°. In other words, 1 out of 893 random
protein pairs was expected to interact. This ratio is
similar to the experimentally observed ratio in yeast
(1/775) (17). Considering a smaller fraction of the
genome is usually expressed at the same time in higher
organisms as compared to unicellular species, this
estimated ratio of interacting protein pairs seemed to
make sense. Details of the above results are provided at
the PAIR website.

In addition, a recent Plant Cell article by another group
(19) showed that the previous version of PAIR (PAIR V2)

already had the highest coverage among all available pre-
dicted interactomes. Using the newly curated interactions
in the IntAct database (7) as a benchmark, this article
reported that the coverage of PAIR V2 predictions was
more than double the coverage of the second-best pre-
dicted interactome (19 versus 9%).

The high coverage of our predicted interactions is
supported by multiple assessments. However, the high
reliability of these predicted interactions is not validated
with external experimental data. This is because that most
negative results, pairs of proteins that do not interact, are
never reported in literature. Consequently there is no
reliable data source of non-interactions that is large
enough to support an accurate estimation of our predic-
tion reliability. But given that the estimated coverage and
reliability led to a reasonable estimation of the
interactome size, the estimated reliability (44%) should
be roughly accurate.

THE WEB INTERFACE
Search methods

In PAIR, interactions can be searched by specifying one
or both of their component proteins or by specifying a
homologous interaction (with both component proteins)
in one of four other model organisms: H. sapiens,
S. cerevisiae, C. elegans and D. melanogaster. Proteins
may be specified by their identifiers, such as AGI codes
(gene loci), UniProt accessions and RefSeq identifiers, or
by keywords in their annotation texts. Alternatively, users
can perform a BLAST sequence search to retrieve inter-
actions involving a particular gene family or protein
domain. In addition, PAIR supports gene set search,
which allows a user to enter a number of AGI codes
(gene loci). According to user option, PAIR can return
interactions between the specified proteins or all inter-
actions involving the specified proteins. This function is
most useful to extract interaction sub-networks related to
a specific cellular process.

Interaction information

For every PPI, PAIR provides rich annotation on the re-
lationships between the two proteins involved. Taking the
interaction between DMCI1 (At3g22880) and RADSI
(At5g20850) as an example, we show in Figure la
typical Interaction Information page. This page contains
three sections. The first section shows a summary of the
interaction and its component proteins (Figure 1a). If the
interaction has been experimentally reported, the related
experimental evidences will be shown. The second section
shows the indirect evidences supporting this interaction,
including gene co-expressions, domain interactions,
shared GO annotations, co-localizations, phylogenetic
profile similarities and homologous interactions in other
organisms (interologs) (Figure 1b). For domain inter-
actions, domains in both proteins are retrieved from
Pfam (22). Known interactions between the domains
were collected from the DOMINE database (23), which
contains multiple domain interaction data sets reported by
different approaches. The homologous interactions in four



(a) Interaction Information

DMC1 (AT3G22880) interacts with RAD51 (AT5G20850) (E IS al e
Add to My Collection Hide Experimental Evidences

system type Authors PubMed ID Curator
MI:0018(2 hybrid) ~ MI:0915(physical association) Siaud etal. (2004) 15014444  IntAct
MI:0007(anti tag coip) ~ MI:0407(direct interaction) Dray etal. (2006) 16415210  IntAct
Co-immunoprecipitation IPI 16415210  TAR
Affinity Capture-Western physical DrayE(2006) 16415210 BioGRID
Affinity Capture-Western physical Dray E(2006) 16415210 BioGRID

Interactor Information
AT5G20850
Locus: AT3G22880

Models: AT3G22880.1

Aliases:

DMC1  (DISRUPTION OF MEIOTIC CONTROL 1)

ARLIM15 (ARABIDOPSIS HOMOLOG OF LILY MESSAGES INDUCED AT MEIOSIS 15)
ATDMC1 (ARABIDOPSIS THALIANA DISRUPTION OF MEIOTIC CONTROL 1)

‘ AT3G22880

Description:

DMC1 (DISRUPTION OF MEIOTIC CONTROL 1); ATP binding / DNA binding / DNA-dependent ATPase/
damaged DNA binding / nucleoside-triphosphatase/ nucleotide binding / protein binding. Expression of the
AtDMC1 is restricted to pollen mother cells in anthers and to megaspore mother cells in ovules. Similar to
meiosis-specific yeast DMC gene.

(C) Interaction Confidences ®
SVM Score: 0.298244

Feature Name Confidence Value Confidence Rank

AtGenExpression Abiostress Expression @ 0.205 0561

ion D ion @ 0.669 0.855
AtGenExpression Ecotypes Expression (€] 0.255 0771
AtGenExpression Light Expression (€] -0.188 0.153
AtGenExpression Pathogen Expression @ -0.044 0.282
Co-localization @ 1.0 0.886
DOMINE @ 00 00
DOMINE (3did) @ 00 0.0
DOMINE (DIMA) @ 00 0.0
DOMINE (Fusion) @ 0.0 0.439
DOMINE (LP+DPEA) @ 0.0 0.0
DOMINE (M) @ 00 0263
DOMINE (P-value) @ 1.0 0.956
DOMINE (RCDP) @ 00 0.0
DOMINE (RDFF) @ 00 0.0
DOMINE (iPfam) @ 10 0.87
GO Biological Process @ 0.003 0.762
GO Cellular Component @ 1.0 0.0
GO Molecular Function @ 00 0744
Interologs (BLAST) @ 40.0 1.0
Interologs (InParanoid) @ 1.0 09
Phylogeny Profiles (Mutual Information) @ 0.101 0517
Phylogeny Profiles (Pearson Correlation) ® 0.121 0.841
TAIR Expression Dataset @ 0412 0.761
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Indirect Evidences

(b) Domain Interactions @

Domains in AT3G22880
PF08423 Rad51, C-terminal

Domains in AT5G20850
PF08423 Rads1, C-terminal

Domain Interactions:

PF08423(Rad51) PFO8423(RadS1) reported in DOMINE(P-value,iPfam)

Homologous Interactions @

LocusA  LocusB Name A Name B Species  Method PubMed
NP_011106 NP_011021 DMC1 RADS51 yeast Dosage Rescue 16818607

Co-localization @

AT3G22880 locations AT5G20850 locations

Location  Reference Location  Reference
SUBA(subloc) SUBA(subloc)
SUBA(wolfpsort) SUBA(wolfpsort)

nucleus  SUBA(swissprot) nucleus  SUBA(swissprot)

SUBA(loctree) SUBA(loctree)

GO Annotations @

Biological Process | Molecular Function I Cellular Component

AT3G22880 AT5G20850

\:olved %olwd in

G0:0006281
DNA repair

Co-Expression @

Light

Development Abiostress

D Ci
Pearson Correlation = 0.669

— AT3G22880 — AT5G20850

10.002
9.002
8.0029
7.002
6.002
5.0021%
4.002

3.002

2.002

1.002

Co-Publication @

Title Journal Year PubMed
Isolation and characterisation of the RAD51 and DMC1 homologs from Mol Gen 1998 9520262
Arabidopsis thaliana. Genet
ASY1 mediates AtDMC1 i rec ination during

e i " i Genes Dev 2007 17785529
meiosis in Arabidopsis.

Interaction between Arabidopsis Brca2 and its partners Rad51, Dmc1, and Plant

2006 16415210
Dssl. Physiol >

Figure 1. The Interaction Information page. (a) Summary of the interaction and its component proteins. (b) Indirect evidences supporting this
interaction, including gene co-expressions, domain interactions, shared GO annotations, co-localizations, phylogenetic profile similarities and hom-
ologous interactions in other organisms (interologs). Co-publication (two interacting proteins appearing in the same articles) information was not
used for interaction prediction, but is also presented here to facilitate literature mining. (¢) The confidence scores for this interaction. The SVM score

is the overall confidence score.

well-studied organisms (human, fruit fly, yeast and worm)
are listed in the Homologous Interactions table. The
sub-cellular localizations of Arabidopsis proteins were col-
lected from the SUBA database (24), which also contains
multiple sub-cellular localization data sets reported by dif-
ferent approaches. The co-localization table summarizes
the shared localizations in each data set, which are dis-
tinctly colored for clarity. In the GO annotations table,
the relationship between the annotation terms of two
proteins that share a significant parent term is present in
a graphical manner. The expression profiles for two

proteins are illustrated by charts in the co-expression
table, so users may develop an intuitive idea on how
they correlate under different perturbations (e.g. light, de-
velopment or abiostress). Co-publication (two interacting
proteins appearing in the same articles) information was
not used for interaction prediction, but is also presented
in this page, as it serves as a useful tool to help users look
up publications discussing both proteins. The last section
of this page lists the confidence scores for this interaction
(Figure 1c¢). The SVM score is the overall confidence score
for a predicted interaction. It is usually >0, indicating a
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positive prediction. However, for experimentally reported
interactions, this score may be negative as our prediction
model may not correctly predict all real interactions. The
confidence score derived from each indirect evidence is
also presented. A detailed account of these scores is
provided in the Help/FAQ page.

Graphical interaction network browser and ‘My collection’

Each PAIR web page showing interactions includes an
integrated interaction network browser, developed from
the Adobe Flash™-based program Cytoscape Web
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(http://cytoscapeweb.cytoscape.org). Figure 2 shows an
example network graph obtained by searching PAIR
with a set of genes in the sulfur metabolism pathway.
The query proteins are displayed as triangle nodes.
Other proteins are shown as circle nodes. All nodes are
colored by their molecular function annotations. The
color scheme is provided in the Help/FAQ page.
Interactions are presented as edges between nodes.
Experimentally reported interactions are in red.
Predicted interactions that are homologous to known
interactions in other organisms are in blue. Other pre-
dicted interactions are colored grey. The layout of the
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Figure 2. The graphical interaction network browser showing a network of interactions between proteins in the sulfur metabolism pathway. Several
core sulfur metabolism proteins (triangle nodes) are used to search PAIR for interactions between them. This network graph is then expanded to
include additional interactions. Double click on a node will bring up a window showing all interactions involving this protein and allow selection of
some interactions to be added into this graph. Newly added proteins are shown as circle nodes. Nodes are colored according to their protein
functions, as detailed in the Help/FAQ page. Experimentally reported interactions (edges) are in red. Predicted interactions that are homologous to
known interactions in other organisms are in blue. Other predicted interactions are in grey.



network graph can be changed by applying a number of
layout algorithms or by simply dragging the nodes.
Double clicking on a node will bring up a window
showing all interactions involving this protein. Users can
select some of these interactions to be added into the
network graph. Once a desired network has been
created, it is possible to save it as an image or export it
in various data formats, including the Microsoft Excel,
Cytoscape SIF, GraphML, PSI 2.5 XML and PAIR
XML formats.

We also support the use of ‘My collection” where inter-
actions of interest may be stored as browser cookies and
later retrieved in the ‘My collection’ page. This feature will
facilitate mining of specific biological pathways. In many
PAIR web pages, there is a button to add selected inter-
actions to ‘My collection’. Right-clicking on an edge in the
interaction network browser will also bring up an option
to add this interaction to ‘My collection’.

SUMMARY

The PAIR database contains experimentally reported
interactions integrated from major interaction repositories
and the most comprehensive prediction of the Arabidopsis
interactome with a high reliability. These predictions were
expected to cover 24% of the entire Arabidopsis
interactome, and their reliability was estimated to be
44%. PAIR features a user-friendly query interface,
providing rich annotation on the relationships between
two proteins. A  graphical interaction network
browser has also been integrated into the web interface
to facilitate mining of specific pathways. PAIR is a
resource not only for large-scale mining of Arabidopsis
interaction networks but is also an exploratory tool
for cell/molecular biologists to understand more about
the relationships between the proteins in specific cellular
processes.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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