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Abstract 

 

The network of all protein-protein interactions (PPIs) in an organism, named as the interactome, is a powerful tool for understanding 

biological processes as an integrated system. Studies in several model species indicate that interactomes exhibit some unique features, 

such as the scale-free topology and the correlations with genomic information. Here we constructed an Arabidopsis interactome 

comprised of high-quality protein interactions from several publicly available databases. The interactome contained a total of 3,432 

distinct PPIs, among 1,679 proteins identified uniquely by genome locus IDs. The analysis showed that the Arabidopsis interactome 

shares similar features with those of model organisms at the global level, but also exhibits a local divergence. We found that two 

interacting proteins show a much higher level of co-localization than randomly-selected protein pairs. Our investigation also 

indicates that there is a significant correlation between interacting proteins and biological functions. Interactome comparison between 

Arabidopsis and non-plant species showed that protein complexes involved in the core biological processes may undergo more 

evolutionary pressure to remain conserved. To facilitate the plant focused research, we also constructed a database server called 

PlaPID (Plant Protein Interaction Database). It is an integrative information platform for system-level understanding of gene function 

and biological processes in plant and is free to access at http:www.plapid.net. 
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Introduction 

 

Protein–protein interactions (PPIs) are fundamental to all 

biological processes, and play important roles in defining most 

cellular functions. Traditional study of one protein or one 

interaction at a time limits our global understanding of 

biological systems. Given the proteomic makeup of an 

organism, the complete set of possible protein interactions 

constitutes its interactome which has quickly become a 

valuable resource to research protein function and understand 

the molecular mechanisms underlying diseases (Ideker and 

Sharan, 2008; Park et al., 2009). With the development of 

high-throughput protein interaction detection technologies, such 

as yeast two-hybrid (Y2H) screens and co-affinity purification 

(co-AP) followed by mass spectrometry (MS), interactome 

mapping projects have been done in yeast (Saccharomyces 

cerevisiae), fruit fly (Drosophila melanogaster), nematode 

worm (Caenorhabditis elegans), and human (Homo sapiens) 

(Morell et al., 2009; Wodak et al., 2009). Many previous 

studies on these interactomes have revealed that complex 

protein interaction networks have some unique topological and 

biological attributes that may reflect biological phenomena. In 

particular, the interactomes appear to be a scale-free network 

which has a power law degree distribution, in which most 

proteins are of low degree, whereas a few proteins act as 

"highly connected hubs" (Jeong et al., 2000; Jeong et al., 2001). 

Power law topology might be related to genetic robustness 

(Albert et al., 2000; Barabasi and Oltvai, 2004). Furthermore, 

analyses of these large datasets have revealed interesting 

biological properties within interactomes. For instance, two 

interacting proteins show a much higher level of co-localization 

than randomly-selected protein pairs, especially for those 

involved in the same biochemical reaction and the same protein 

complex (Grigoriev, 2001; Fraser et al., 2004). 

In this respect, progress in plants is still lagging behind 

(Uhrig, 2006; Morsy et al., 2008; Yuan et al., 2008). The 

previous works were carried out on the interactomes of several 

model organisms, but little is known about the properties of the 

plant interactome, even for Arabidopsis thaliana. As the joint 

efforts of the community, a large number of protein interactions 

have been obtained from the study of individual proteins during 

the last few decades for the model plant Arabidopsis, most of 

which have been published in thousands of literatures. Recently, 

several public-available databases were devoted to maintain 

high-quality protein interaction information by manual curation 

of the literature. Thus, we can present an Arabidopsis 

interactome by means of collecting interaction data deposited 

in these databases, which enables us to conduct a preliminary 

study of network properties in plants. In this study, using the 

currently-available Arabidopsis interaction data, we carried out  
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     Table 1. Intersects between each two datasets of Arabidopsis interactions. 

IntAct (2538)           

BIND (1530) 370 (9.10%)    

TAIR (855) 206 (6.07%) 85 (3.56%)   

MINT (91) 23 (0.87%) 3 (0.19%) 10 (1.06%)  

DIP (13) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)  

  IntAct BIND TAIR MINT DIP 
The total number of interactions obtained from each database is presented in italic type beside the database name. The overlapping rate, calculated as 

the number of interactions in intersects divided by the number of interactions in the smaller dataset of the two, is indicated beside the number of 
interactions in intersects. 

 

 

a comprehensive investigation whether the global features of 

the interactomes observed in model organisms (e.g. yeast) and 

humans also hold true in plant species: namely, (1) the 

scale-free topology and the centrality–lethality rule, (2) 

co-localization of interacting proteins, and (3) interacting 

proteins being involved in the same biological process. The 

conservation of protein interaction between Arabidopsis and 

other model organisms was next analyzed in details. 

 

Results and Discussion 

 

The integrated Arabidopsis interactome 

 

We built up an Arabidopsis interactome map based on the 

public-available PPI databases. These databases have been 

devoted to maintain high-quality protein interaction 

information by manually curated literature. Additional 78 

interactions were manually collected from literature. To 

integrate the interaction data, protein identifiers were mapped 

to genome locus ID by BioMart (Durinck et al., 2005). By 

removing same interactions, we gained a non-redundant 

high-quality Arabidopsis PPI dataset which constitutes the 

Arabidopsis interactome containing a total number of 3,432 

distinct PPIs among 1,679 proteins identified uniquely by 

genome locus IDs. The comparison between datasets from 

different databases show that only a few interactions overlap 

among diverse databases (Table 1). More than 80% of 

interactions were detected based on individual in vivo 

experiments (such as coimmunoprecipitation) or in vitro 

experiments (such as pull-down), and about 20% based on 

small-scale Y2H assays or protein chip (Supplementary Table 1 

for detailed statistics). These small-scale Y2H assays mainly 

focused on the identification of interactions among members 

within several gene families of transcription factor, such as 

MADS box, bHLH and bZIP gene family, many of which were 

further confirmed by individual biochemical experiments 

(Colombo et al., 2008; Chandler et al., 2009; Weltmeier et al., 

2009).  

The Arabidopsis interactome network is shown in Fig. 1, 

where proteins (nodes) are highlighted in different color 

according to their subcellular localizations. To visualize the 

network, each protein was assigned a unique subcellular 

compartment using a winner-take-all method (see Methods). 

The analysis of topological features shows that the degree 

distributions of the interactome network is well fit to a 

scale-free characteristic with decay exponent  =1.65. 

Moreover, the degree distributions for essential (258 genes) and 

non-essential genes (1,456 genes) are significantly different 

(Wilcoxon rank sum test; 41.5 10P   ). The average 

clustering coefficient 
iC  is 0.15 for the interactome network, 

which is slightly higher than those of the human (0.10), yeast 

(0.11) and worm (0.08) networks (Barabasi and Albert, 1999; 

Barabasi and Oltvai, 2004; Li et al., 2006).   

 

 

 

Fig 1. The Arabidopsis interacome map representing an overall 

network of Arabidopsis protein interactions. Nodes indicate 

proteins highlighted in different color according to primary site 

of subcellular compartment; edges represent interactions. 

 

 

These global features are consistent with the previous 

observations in yeast and humans, suggesting that the 

centrality–lethality rule may also hold true in plants. In the 

Arabidopsis interactome, several isoforms of Calmodulin (CaM) 

have the largest number of interactions, including CaM4 (127 

interactions), CaM7 (119 interactions), CaM9 (114 interactions), 

CaM6 (107 interactions) and CaM8 (76 interactions), most of 

which were identified based on a high-density protein 

microarray (Popescu et al., 2007). 

 

Subcellular localizations for Arabidopsis PPIs 

 

It has been confirmed that two proteins that interact with each 

other tend to colocalize in the same subcellular compartment in 

humans and yeast (Gandhi et al., 2006). Among the total of 

1,679 proteins in the Arabidopsis interactome, only 58% (950) 

proteins are annotated to their subcellular localizations by 

experiments referring to the Arabidopsis Subcellular Database 

(SUBA) (Heazlewood et al., 2007); and 220 proteins are 

assigned to multiple subcellular compartments. Based on the 

limited annotations, we examined the enrichment or depletion 

of protein interactions, where both interacting proteins are 

localized in the same subcellular compartments. Fig. 2a shows 

the numbers of interactions as a function of the subcellular 

localization of their interacting proteins and P values associated  
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Table 2. The top 30 of interologs ranked by the number of organisms, among which the interactions are conserved. 

Locus A Protein A Locus B Protein B Biological process Species 

At4g02520 Glutathione S-transferase At4g02520 Glutathione S-transferase toxin catabolic process 5 

At1g32750 Transcription initiation factor TFIID subunit 1-A At1g55520 Transcription initiation factor TFIID TBP-2 subunit transcription 4 

At1g32750 Transcription initiation factor TFIID subunit 1-A At3g13445 Transcription initiation factor TFIID TBP-1 subunit transcription 4 

At5g58590 Ran-binding protein 1 homolog c At5g55190 
GTP-binding nuclear protein Ran-3 (Ras-related 

nuclear protein 3) 
protein transport 4 

At5g58590 Ran-binding protein 1 homolog c At5g20020 
GTP-binding nuclear protein Ran-2 (Ras-related 

nuclear protein 2) 
protein transport 4 

At5g58590 Ran-binding protein 1 homolog c At5g20010 
GTP-binding nuclear protein Ran-1 (Ras-related 

nuclear protein 1) 
protein transport 4 

At1g54140 Transcriptional activation factor TAFII32, putative At1g04950 Putative TATA binding protein-associated factor transcription 4 

At1g54140 Transcriptional activation factor TAFII32, putative At1g54360 transcription initiation factor transcription 4 

At5g20850 DNA repair protein RAD51 homolog 1 At5g20850 DNA repair protein RAD51 homolog 1 DNA repair 4 

At5g67380 Casein kinase II subunit alpha-1 At5g47080 Casein kinase II subunit beta-1 
protein amino acid 

phosphorylation 
4 

At5g67380 Casein kinase II subunit alpha-1 At3g60250 Casein kinase II subunit beta-3 
protein amino acid 

phosphorylation 
4 

At5g61210 Synaptosomal-associated protein SNAP25-like 1 At1g08560 Syntaxin-related protein KNOLLE vesicle-mediated transport 3 

At1g08560 Syntaxin-related protein KNOLLE At1g12360 SNARE-interacting protein KEULE vesicle-mediated transport 3 

At4g29810 Mitogen-activated protein kinase kinase 2 At2g43790 Mitogen-activated protein kinase 6 signal transduction 3 

At2g03710 Agamous-like MADS-box protein AGL3 At5g60910 Agamous-like MADS-box protein AGL8 regulation of transcription 3 

At2g45650 Agamous-like MADS-box protein AGL6 At5g15800 Agamous-like MADS-box protein AGL2 regulation of transcription 3 

At5g60910 Agamous-like MADS-box protein AGL8 At5g15800 Agamous-like MADS-box protein AGL2 regulation of transcription 3 

At1g24260 Agamous-like MADS-box protein AGL9 At1g26310 Agamous-like MADS-box protein AGL10 regulation of transcription 3 

At1g09020 
putative activator subunit of SNF1-related protein 

kinase 
At3g01090 

SNF1-related protein kinase catalytic subunit alpha 

KIN10 

protein amino acid 

phosphorylation 
3 

At1g09020 
putative activator subunit of SNF1-related protein 

kinase 
At3g29160 

SNF1-related protein kinase catalytic subunit alpha 

KIN11 

protein amino acid 

phosphorylation 
3 

At3g43810 Calmodulin-7 At1g74740 Calcium-dependent protein kinase 30 response to stimulus 3 

At5g21274 Calmodulin-6 At1g74740 Calcium-dependent protein kinase 30 response to stimulus 3 

At1g66410 Calmodulin-4 At1g74740 Calcium-dependent protein kinase 30 response to stimulus 3 

At4g38130 Histone deacetylase 19 At1g24190 Histone deacetylase complex subunit Sin3 regulation of transcription 3 

At5g53530 Vacuolar sorting protein-like At2g17790 Putative vacuolar sorting protein 35 protein transport 3 

At5g20010 
GTP-binding nuclear protein Ran-1 (Ras-related 

nuclear protein 1) 
At2g16950 Putative transportin protein transport 3 

At3g43810 Calmodulin-7 At3g19100 Calcium-dependent protein kinase response to stimulus 3 

At3g43810 Calmodulin-7 At4g23650 Calcium-dependent protein kinase response to stimulus 3 

At5g21274 Calmodulin-6 At3g19100 Calcium-dependent protein kinase response to stimulus 3 

At5g21274 Calmodulin-6 At4g23650 Calcium-dependent protein kinase response to stimulus 3 
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Fig 2. Correlation of protein interactions with subcellular localization and biological process. (a) Correlation of protein interactions 

with subcellular localization of proteins. The numbers of individual protein numbers is shown beside compartment names. The 

distribution of protein interactions is represented as a matrix, where each axis indicates the primary subcellular compartment of one 

of proteins in an interaction pair. The higher diagonal of the matrix shows the numbers of interacting protein pairs, in which both 

proteins are assigned to a subcellular compartment, while the lower diagonal of the matrix indicates fold enrichment or depletion 

represented in colors. The statistic enrichment or depletion is calculated as the ratio of the number of edges in the observed network 

to the expected number of edges in an ensemble of random networks (see Methods). (b) Correlation of biological process categories 

with protein interactions. Each axis represents the category of biological process according to the annotations of Gene Ontology 

(GO). 

 

 

with the statistical significance against an ensemble of random 

network (see Materials and Methods). We observed that there is 

a statistically significant enrichment of interactions for most of 

subcellular locations, showing that two proteins interact with 

each other generally when they reside in the same subcellular 

compartment. There are two exceptions where the interactions 

cannot occur between two proteins from within the 

cytoskeleton or the extracellular space, which is due to the little 

number of protein interactions in the two subcellular 

compartments. Some protein interactions are enriched across 

subcellular compartments. For example, the proteins in the 

vacuole interact with those not only in the vacuole but also in 

the endoplasmic reticulum and Golgi apparatus, which can be 

partly explained by that some protein complexes involved in 

the endomembrane trafficking pathway are composed of 

members from the three subcellular compartments. Moreover, 

current evidence shows that it is difficult to experimentally 

distinguish proteins in these compartments, which also can 

explain partially the enrichments in these cases (Dunkley et al., 

2006). The other pairs of subcellular compartments with an 

enrichment of interactions are the plastid/mitochondrion and 

plastid/extracellular space, which may be due to that some 

proteins in the plastid are also localized in other compartments 

(e.g. the mitochondrion) or the experimental error in raw data. 

As both the mitochondrion and the plastid hold organelle 

genomes, two organelles share the proteins that are required to 

translate the genetic information encoded in organelle genomes 

(e.g. transcription and translation of protein-encoding genes), 

which can explain the enrichment of interactions between the 

two subcelluar compartments. The enrichment of interactions 

across different organelles was also observed in the human 

interactome (Gandhi et al., 2006). In contrast to the enrichment, 

we found that there is no significant depletion of interactions 

for two proteins from different compartments, except those for 

which one protein is from nuclear and the other from the 

plasma membrane, mitochondrion or Golgi apparatus. 

Although the pair of location (nuclear-plasma membrane) is 

significant depletion (P-value: 59.68 10 ) of interactions, 

we still observed a quantity of interactions (115) across the two 

subcellular compartments, which could be caused by the 

experimental inaccuracy of original subcellular localization 

data. 

 

Biological process for Arabidopsis PPIs 

 

We examined the association between protein interactions and 

biological functions involving them. Interaction partners are 

expected to have the same biological function, as they 

commonly are involved in a same pathway or are members of a 

protein complex. In humans, there is a significant correlation 

between interacting proteins and biological functions or disease 

categories (Gandhi et al., 2006). Our investigation indicates 

that the significant correlation also holds true in Arabidopsis. 

The Gene Ontology (GO) annotations were used as a 

controlled vocabulary to describe the functions of genes or 

gene products in a hierarchical manner at three levels (cellular 

component, biological process and molecular function) (Harris 

et al., 2004). Thus, two proteins with functional relationship 

will share common GO terms. For the Arabidopsis interactome, 

only 58% of interacting proteins shared at least one GO, in 

term of biological process annotations. We classified the 

proteins within the Arabidopsis interactome into 9 

non–mutually exclusive biological process categories that have 

the largest number of interactions for both two proteins sharing 

the same biological process. The enrichment analysis showed 

that there is a significant enrichment of interactions within 

almost all the biological process categories (Fig. 2b), indicating 

that interactions generally occur between proteins involved in 

the same biological process.  
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Fig 3. Venn diagram showing overlaps of protein interactions 

between Arabidopsis, human and yeast datasets. The yeast 

(Sacchromyces cerevisia) interaction dataset was downloaded 

from the Database of Interacting Proteins (Salwinski et al., 

2004), and the human interaction dataset was obtained from the 

Human Protein Reference Database (Popescu et al., 2008). The 

interologs between two organisms were identified by protein 

orthologs defined in the Inparanoid database (O'Brien et al., 

2005). 

 

 

The only exception is the case, where proteins functioning in 

signal transduction interact with those in protein metabolic 

process. 

 

Interactome comparison between Arabidopsis and non-plant 

species 

 

Physical protein-protein interactions conserved across species 

are called “interologs” (Matthews et al., 2001). The interspecies 

comparisons of PPI data from yeast, worm, fly and human were 

carried out to identify conserved PPIs or sub-networks (Gandhi 

et al., 2006; Mika and Rost, 2006; Saeed and Deane, 2008). We 

investigated the extent to which plant protein interactions 

overlap with those reported in the yeast, worm, fly and human 

datasets. The comparison of PPI datasets among plant, animal 

and fungi allowed us to identify the common protein 

interactions and protein complexes in eukaryotic kingdoms. 

Among the total number of 1,679 proteins in the Arabidopsis 

interactome, most of them (1,346 proteins) can be found to 

have their respective orthologs in animals and fungi. However, 

there is a small fraction of interactions conserved in at least one 

species, only roughly 15% (490/3,687) of the Arabidopsis 

interactome. Particularly, we observed 10% and 6.4% of 

Arabidopsis interactions conserved in humans and yeast, 

respectively. We focused on the comparison of the Arabidopsis 

interactome with the yeast and human interaction datasets, 

which are considered as the most comprehensive and reliable 

protein interactomes thus far. As indicated by a Venn diagram, 

the overlaps between the Arabidopsis, yeast and human 

interaction datasets (Fig. 3), 42 interactions are common to the 

Arabidopsis, yeast and human datasets and only one interaction 

is common to all the five organisms. 

Table 2 lists the top 30 interologs ranked by the number of 

organisms, among which the interactions are conserved (the 

comprehensive list of the Arabidopsis interologs is provided in 

Supplementary Table 2). We noticed that most of the highly 

conserved interactions are dimmers, including homodimers (a 

complex of two identical protein molecules) and heterodimers 

(an interaction consisting of two distinct protein molecules). 

We further found that among these conserved heterodimers, 

most of them (except for those between CaMs and their target 

proteins) are composed of two distinct members encoded by a 

same gene family, which suggests they might be evolved from 

homodimers through gene duplications. The further 

investigation showed that dimmers process 37% of 490 

conversed interactions, but only 5% of all interactions, 

suggesting that interactions enriched in complexes are 

conserved preferentially, compared to transient interactions in 

the Arabidopsis interactome. These highly conserved protein 

complexes are mainly involved in the core biological processes, 

including transcription, transcription regulation, protein 

phosphorylation, transport and DNA repair, which suggests that 

they are fundamental and/or vital to all eukaryotes. Further 

examination showed over 25% of 490 conserved interactions is 

involved in transcription or transcription regulation. One 

prominent exception is the homodimer of glutathione 

S-transferase that is the only interaction common to all the 5 

species. It is known that the dimeric enzyme originates from 

prokaryotes and plays a vital role in the detoxification of both 

endogenous and xenobiotic compounds. In summary, our 

analysis indicates that protein complexes involved in the core 

biological processes may undergo more evolutionary pressure 

to remain conserved. 

The comparison of interactomes among animals, fungi and 

plants enabled us to identify not only the core protein 

interactions that may be common and fundamental to 

eukaryotic kingdoms, but also the species-specific interactions 

that may provide insights into proteins’ evolution and their 

functional diversity. Our analysis showed that a number of the 

most highly conserved interactions are between CaMs and their 

interactors (Table 2). CaM is the most predominant Ca2+ sensor 

present in all eukaryotic cells and plays a crucial role in the 

regulation of a wide variety of cellular processes by modulating 

the activities of numerous target proteins. In Arabidopsis, there 

has been a major effort directed toward the detection of 

interacting partners of CaMs, and more than 550 targets of 

CaMs have been identified by either traditional biochemical or 

high-throughput approaches. The interactions between CaMs 

and their targets constitute the largest sub-network in the 

Arabidopsis interactome, which therefore, allows us to carry 

out a comprehensive comparison of interaction networks of 

CaM/target between plants and animals. We grouped the CaM 

targets into several classes according to their gene families and 

conducted the comparison by representing the CaM target 

interactions as a bipartite network. As observed from Fig. 4, 

there is a high divergence of CaM target interactions between 

Arabidopsis and humans. Among the total number of >700 

interactions, only very few (31) are common to the two 

organisms. These conserved CaM interactors include heat 

shock protein (HSP) encoded by the HSP90 family, 

FK506-binding protein (FKBP) belonging to the large peptidyl 

prolyl cis/trans isomerase superfamily, casein kinase and 

several members of the Ca2+-dependent protein kinase (CDPK 

or CPK) family. In mammals, these conserved interactions are 

well-studied and known to be involved in a wide range of  
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Fig 4. The interaction network of CaMs and their targets. (a) The interaction network of CaMs and their targets in Arabidopsis. The 

interaction subnetwork extracted from the Arabidopsis interactome and is represented as a bipartite graphic, where proteins (nodes) 

are classified and highlighted in different colors according to their gene families or superfamilies, and the interactions (edges) 

conserved between Arabidopsis and humans are highlighted in red. (b) The interaction network of CaMs and targets in humans. The 

human CaM/target interaction network is extracted from a combined human interaction dataset (see Methods). CaM, calmodulin; 

CDPK, Ca2+-dependent protein kinase; FKBP, FK506-binding protein; HSP, heat shock protein; CaMK, CaM kinase; BT, BTB and 

TAZ domain protein; bZIP, basic leucine-zipper transcription factor; MADS, MADS-box transcription factor; MYB, MYB 

transcription factor; WRKY, WRKY transcription factor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. Database and web services of PlaPID. (a) The homepage of PlaPID. (b) The query interface of PlaPID database. The query 

interface allows users to search interactions among proteins of interest by submitting a variety of gene or protein identifiers (e.g. 

TAIR LocusID, Swiss-Prot ID and Gene Symbol). Also, users can query interaction information using sequence-based search against 

a BLAST server. (c) The query results on the reference dataset in PlaPID. The HTML page displays the query results for known 

interactions among the protein AtBZIP53 (LocusID:At3g62420). The resulted page lists the annotation information of the query 

protein and interacting proteins, and the detailed information (e.g. experimental method) of each interacting pair as well. (d) 

Visualization of the interaction network. The interaction network of AtBZIP53 and its’ interacting proteins is visualized online as a 

scalable vector graphics (SVG) file, where the hyperlink on a node can lead to more detailed information of the corresponding 

interacting protein when clicked. (e) The query results on the predicted Arabidopsis dataset in PlaPID. The HTML page displays the 

query results for predicted interactions among the protein AtCAM1 (LocusID:At3g62420). (f) Annotation information for the 

interacting proteins and supporting evidences for the predicted interactions. For each predicted interacting pair, PlaPID providers the 

basic information (e.g. Gene name, GO annotation and KEGG annotation) for two interacting proteins, and also can show the 

supporting evidences for interaction between them. 
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biological processes, but their significances with regard to 

biochemical or physiological functions in plants are still poorly 

understood. Involvement in heat shock signal transduction may 

be the most universal and ancestral role of Ca2+/CaM signal 

system, where the interaction of CaM with heat stress 

transcription factor (HSF) is required for induction of the HSP 

expression (Liu et al., 2008). CaM interaction with both HSP90 

and FKBP forms a ternary complex that is conserved in animals 

and plants, as well as in fungi and certain groups of protists (e.g. 

Plasmodium falciparum). But the physiological relevance of 

the complex displays differences in distinct eukaryotic 

kingdoms (Geisler and Bailly, 2007). Reports show that the 

mammalian FKBP is activated by binding to Ca2+/CaM, which 

is required for the regulation of Bcl-2 function and; thereby, 

participates in the promotion of apoptosis in neuronal tissues 

(Edlich et al., 2005). By contrast, the plant Ca2+/CaM/FKBP 

complex is thought to be involved in phytohormone function 

and heat shock response (Geisler and Bailly, 2007). 

Interestingly, we found that CaM interactions with several 

plant CDPKs are interologous to those with animal CaM kinase 

(CaMKI and CaMKⅡ). The plant CDPKs are encoded by a 

large multigene family and involved in regulation of metabolic 

enzymes and abiotic and biotic stress signal transduction 

pathways. The previous studies suggest that the CDPK gene 

family is widely distributed in the plant kingdom and certain 

groups of protists (e.g. Plasmodium), but not found in other 

eukaryotic kingdoms, including animals and fungi (Hrabak et 

al., 2003). However, in the definition of InParanoid database, 

some members of Arabidopsis CDPKs (e.g. CPK6 and CPK30)  

are clustered into an orthologous group with the animal CaM 

kinases, suggesting they are probably homologous.  

We performed a multiple alignment of the plant CDPKs with 

the mammalian CaMKs. Result showed that they have high 

sequence identity at amino acid level and similar domain 

architecture (Supplementary Fig. 1). The mammalian CaM 

kinases as well as their homologs are well-characterized. They 

are phosphorylated and activated by interacting with Ca2+ and 

one or more CaMs, and constitute a Ca2+/CaM/CaMK signaling 

cascade that is important for many normal physiological 

processes and can lead to a variety of disease states when 

irregulated (Colomer and Means, 2007). However, the 

biological role played by CaM binding to CDPKs remains to be 

elucidated because the Ca2+/CaM/CaMK signaling cascade 

seems lack in Arabidopsis (Colomer and Means, 2007). Several 

members (e.g. CPK4, CPK11, CPK6 and CPK30) of the 

Arabidopsis CDPK family are found to be activated in a 

CaM-independent manner and play an important role in the 

regulation of abscisic acid signal transduction pathway (Mori et 

al., 2006; Zhu et al., 2007). Taken together, these data indicates 

that some CaM/target interactions conserved in both animals 

and plants are involved in the different biological processes and 

thereby have significantly functional divergence. 

In contrast to the conserved interactions, the majority of 

CaM/target interactions appear to be organism-specific. In 

Arabidopsis, the most unique set of CaM targets is composed 

of proteins encoded by several transcription factor gene 

families, including MYB, bZIP, MADS and WRKY gene 

family, whereas the animal CaM is found uncommonly to bind 

to these types of transcription factors. More and more lines of 

evidence now indicate that the plant CaM plays key roles in the 

mediation of cellular responses to developmental and 

environmental stimuli via regulation of gene expression (Kim 

et al., 2009). More surprisingly, a study finds that one of the 

Arabidopsis isoforms (CaM7) can function as transcription 

factor that directly binds to Z-/G-box elements located in the 

promoter region of light-responsive genes and; therefore, 

induces the expression of these genes (Kushwaha et al., 2008). 

By contrast, many members of the myosin superfamily have 

been identified as CaM targets, and compose a major target set 

of the animal CaM, in comparison with the plant CaM. The 

myosin family of actin-based molecular motors contains one or 

more IQ motifs that are responsible for binding to CaM (Bahler 

and Rhoads, 2002). It is well-characterized that the various 

myosin classes are modulated by Ca2+/CaM and carry out a 

diversity of cell and physiological functions, such as smooth 

muscle contraction (Ding et al., 2009). As Ca2+ is the most 

prominent second messengers and CaM is the most major 

decoder of Ca2+ signals in both plants and animals, the binding 

specificity of CaM may reflect their discrepancy in responses to 

environmental stimuli modulated by Ca2+ and CaM signal 

pathway. In contrast to animals that can be adapted to 

environment through their movements, plants, as sessile 

organisms, are more likely to employ differential gene 

expression in response to changes from environment stimuli, 

which partially is supported by a great number of transcription 

factors identified as CaM target proteins in Arabidopsis. 

 

Database and web server 

 

To facilitate the research in plant, we also constructed a 

database server called PlaPID (Plant Protein Interaction 

Database). PlaPID was implemented to deposit the putative 

interactions and known interactions. In addition to Arabidopsis, 

protein interactions detected experimentally in other 6 plant 

species, including rice (Oryza sativa), pea (Pisum sativum), 

wheat (Triticum aestivum), barley (Hordeum vulgare), corn 

(Zea mays) and tomato (Lycopersicon esculentum), were also 

collected and deposited into our database, and thus, PlaPID 

could be an integrative reference database of plant protein 

interactions. To facilitate plant researchers, we had also 

developed a user-friendly web server to search and download 

PPI data in the database (Fig. 5). The query interface allows 

users to search for interactions among proteins of interest by 

using a variety of gene identifiers or by sequence-based search 

against a BLAST server. The result interactions and their 

annotation information will be displayed via HTML pages. 

Moreover, the interaction network can be visualized online as a 

SVG (scalable vector graphics) file, which provides the means 

for a fast, visual evaluation of the protein’s interaction 

environment and allows for a navigation of the protein 

interaction network. For putative interactions, PlaPID also 

provides predictive information on supporting evidences and 

likelihood ratios, which enables users to assess the reliability of 

interactions and choose more reliable interactions by setting 

higher cutoff values of likelihood ratios. All interaction data 

presented in PlaPID can be downloaded freely with 

tab-delimited or PSI-MI standard format files through our web 

interface. 

 

Materials and Methods 

 

Datasets 

 

We extracted the Arabidopsis PPI data stored in several 

public-available databases such as Biomolecular Interaction 

Network Database (BIND; 1530 interactions) (Bader et al., 

2003), Database of Interacting Proteins (DIP; 13 interactions) 

(Salwinski et al., 2004), Molecular Interactions Database 

(MINT; 91 interactions) (Chatr-aryamontri et al., 2007), The 

Arabidopsis Information Resource (TAIR; 885 interactions) 

(Swarbreck et al., 2008) and IntAct (2,538 interactions) 

(Kerrien et al., 2007). All PPI data were downloaded in March 

2008. The protein structure and functional annotation 

information were obtained from the TAIR website (Swarbreck 
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et al., 2008). The Arabidopsis protein subcellular localizations 

were defined in the SUBA database (Heazlewood et al., 2007). 

The Arabidopsis lethal gene dataset was obtained from 

Kocabek et al. (2006), where the total of 780 genes were 

defined as lethal genes, 245 of which were contained in the the 

Arabidopsis interactome. 

The human interaction data contained one literature-curated 

dataset from Human Protein Reference Database (HPRD; 

32,345 interactions) (Prasad et al., 2008), two Y2H datasets 

generated by Rual et al. (3,182 interactions) (Rual et al., 2005) 

and Stelzl et al. (2,754 interactions) (Stelzl et al., 2005), 

respectively, and one MS dataset by Ewing et al. (4,248 

interactions) (Ewing et al., 2007). We incorporated these human 

interaction datasets into a combined human PPI dataset that 

was composed of 41,898 PPIs among 10,041 proteins identified 

uniquely by Entrez GeneIDs. The yeast, worm and fly 

interaction data were downloaded from the Database of 

Interacting Proteins (DIP) (Salwinski et al., 2004). The protein 

ortholog dataset was downloaded from the InParaniod database 

(version 7.0) (O'Brien et al., 2005). 

 

Network visualization and statistical analysis 

 

The Arabidopsis protein interaction networks were visualized 

by the Cytoscape software, and the topological features were 

analyzed by using the NetAnalysis, a java plug-in of Cytoscape 

(Shannon et al., 2003; Barsky et al., 2007). The topological 

features of a protein (node) in a network are commonly 

characterized by two parameters, degree and clustering 

coefficient. In a network, the degree of a protein is the number 

of interactions (edges) linking it; and the clustering coefficient 

(Ci) of a protein represents the ratio of the number of links 

between a node’s neighbors to the number of edges of the node. 

The average clustering coefficient of a network is calculated as 

follows: 
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Where, i is the ith node among the total number (n) of nodes, ki 

is the degree of the node i, and ei is the number of edges 

existing between the ki nodes connected to the node i. 

To visualize the network, we used a winner-takes-all method 

of Gandhi et al. (2006) to assign a single subcellular 

compartment to every protein, because some proteins have 

more than one subcellular localization. In the SUBA database, 

6,345 proteins are annotated to the 12 distinct subcellular 

compartments (plasma membrane, vacuole, cytosol, nucleus, 

cytoskeleton, extracellular space, mitochondrion, plastid, 

endoplasmic reticulum, cell plate, Golgi and peroxisome) by 

direct or indirect experimental evidence derived from 5 sources 

of information (GFP fusion experiments, mass spectrometry 

studies, AmiGO annotation, Swiss-Prot annotation, and TAIR 

gene descriptions). If a protein is annotated to multiple 

subcellular localizations, the protein is designated in a unique 

compartment that is supported by the most sources of evidence. 

The statistical difference of degree distributions between lethal 

and non-lethal genes was analyzed using the Wilcoxon rank 

sum test (also called as “Mann-Whitney test”), which is a 

non-parametric statistical hypothesis test for the case of two 

related samples (Hollander and Wolfe, 1973).  

 

Enrichment analysis 

 

Following the methods of Gandhi et al. (Gandhi et al., 2006), 

we performed statistical tests for evaluating the enrichment of 

the Arabidopsis protein interactions in the observed protein 

network with respect to subcellular localization and biological 

function against those in an ensemble of random networks. The 

ensemble of random protein network has the same properties 

with the observed network as following: (1) the total number of 

edges, (2) the degree (k) of each node, and (3) the annotation of 

every protein in their subcellular localizations and biological 

functions. The edges were grouped into non–mutually 

exclusive categories with regard to protein annotation types 

(subcellular localization or biological process). The statistical 

significance (P-value) of the observed number of edges for a 

pair of categories ( n
), where a protein belongs to the category 

  and other to the category  , was calculated by a Poisson 

distribution: 
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Where, n



 is the expected number of edges (a node belongs 

to the category   and other to the category  ) in the 

ensemble of random network. Finally, we applied a 

multiple-testing correction as 1 (1 )mP P   , where P is the 

single-test P value and m is the number of tests. The tests of 

enrichment (m = number of αβ pairs with at least one edge in 

the observed network) and depletion (m = number of αβ pairs 

possible in the randomized networks) were tabulated separately. 

For more details on the analysis, please refer to Methods in 

Gandhi et al. (2006). 

 

Interactome comparison 
 

We queried the interaction data of three model organisms (yeast, 

worm and fly) from the DIP database (Salwinski et al., 2004) 

and downloaded the literature-curated human interaction 

dataset from the HPRD (Prasad et al., 2008). 

To compare the interractome between Arabidopsis and 

non-plant species, a tough task was to identify orthologs 

accurately. We used the InParanoid algorithm, which is based 

on an all-versus-all BLAST search following by clustering into 

orthologous groups, to identify orthologs (O'Brien et al., 2005). 

These orthologs were then used for further analysis in this 

research. 

 

Conclusions 

 

As more and more genomes have been sequenced completely 

and large-scale ‘omic’ data are available, systems biology 

seems to come of age in plant science. The study for 

interactome is quickly becoming a key area of systems biology. 

By treating the presently available interaction data as a proxy, 

we have carried out a comprehensive investigation on the 

global topological and biological properties of the Arabidopsis 

interactome. Our investigation indicates that the Arabidopsis 

interactome has similar global features with as observed 

previously in animals (humans, fly and worm) and fungi (yeast), 

but a high evolutionary divergence that only a small fraction of 

interactions are conserved in non-plant model organisms. 
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