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以蛋白質-蛋白質交互作用家族為基礎建立模板導向之同源模組 

學生：林怡瑋               指導教授：楊進木 

國立交通大學 生物資訊與系統生物所碩士班 

 

摘  要 

在相同時間和空間尺度下，分子間精確地聚集且協同作用對於生物程序是不可或缺

的，例如細胞週期和轉錄作用。模組 (module) 是指一群具有高度連結並執行特定生物

功能的蛋白質所組成。就如同同源蛋白質 (homologous protein) 和同源蛋白質-蛋白質交

互作用 (homologous protein-protein interaction) 的概念，當一群模組來自一個共同的祖

先並且在不同物種中都執行相似的生物功能時，則這些模組被認為是同源模組 

(homologous module)。以同源蛋白質-蛋白質交互作用家族為基礎，我們提出一個新概念：

「模組家族 (module family)」。模組家族包含一群同源模組，而同源模組是由一群同源

蛋白質-蛋白質交互作用家族所構成。從多物種的基因組 (genome) 來推論同源模組可提

供一個契機去了解模組的演化和蛋白質交互作用體 (protein interactome)。 

在本研究中，透過推論模板導向的方法，將模組家族的概念驗證在 MIPS CORUM 

資料庫所收集的模組模版 (module template)上。首先，透過同源蛋白質-蛋白質交互作用

家族，從 1,679個物種定義出同源模組候選者。隨後，當同源模組候選者具備三個條件：

第一，蛋白質相似性 (E-values ≤ 10-10)；第二，蛋白質-蛋白質交互作用相似性 (joint 

E-values ≤ 10-40)；第三，拓撲相似性 (蛋白質-蛋白質交互作用對齊比例 ≥ 0.3和蛋白質

對齊比例 ≥ 0.5)，則此模組被認為與它的模組模板相似並稱為模板導向之同源模組 

(template-based homologous module)。我們驗證模板導向之同源模組的特性，結果指出其

蛋白質間具有高度連結性，以及在 Gene Ontology的註解上傾向執行相似的生物功能。 

進一步分析模板導向之同源模組的組成特性，我們發現模組家族中的核心組成(core 

component) 往往是生物體生存所需的必需蛋白質，核心組成乃指跨多物種及物種分群 

(division group) 的同源蛋白質-蛋白質交互作用家族，亦即具有高分的蛋白質-蛋白質交

互作用演化程度 ( protein-protein interaction evolution score)。 實驗結果指出模組家族中

的核心組成在調控模組的生物功能上扮演重要的角色。綜合以上所述，顯示來自模板導

向之同源模組的蛋白質-蛋白質交互作用演化程度可以反映出模組家族之必需蛋白質。

我們相信同源模組對於了解生命的基本要素有所助益。 

Chinese Abstract 
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Template-based Homologous Modules through Protein-protein 

Interaction Families 

Student: Yi-Wei Lin            Advisor: Dr. Jinn-Moon Yang 

Institute of Bioinformatics and System Biology 

National Chiao Tung University 

English Abstract 

ABSTRACT 

Precise assembling and cooperation between molecules in time and space scale are 

essential for biological processes, such as cell cycle and transcription. A module is a group of 

proteins that are highly connected and perform a certain kind of biological functions. The 

modules, which often share a common ancestor and perform similar biological functions 

across species, can be considered homologous modules, just as homologous proteins and 

homologous protein-protein interactions (PPIs). Based on PPI families, we proposed a new 

concept “module family”, which comprises a group of homologous modules consisting of a 

group of homologous PPIs across species. To infer homologous modules from multiple 

genomes provides an opportunity to understand the module evolution and protein interactome. 

In this study, we verified the concept through inferring template-based homologous 

modules from module templates provided by MIPS CORUM database. First, we identified 

candidates of homologous modules from 1,679 species through PPI families. Subsequently, 

the identified candidates were regarded as template-based homologous modules, constituting 

module families, if the modules are similar to their module template with (i) protein similarity 

(E-values ≤ 10-10), (ii) PPI similarity (joint E-values ≤ 10-40), and (iii) topology similarity (PPI 

aligned ratio ≥ 0.3 and protein aligned ratio ≥ 0.5). We examined the properties of the 

template-based homologous modules, and the results showed that the template-based 

homologous modules often contain the high connectivity and its protein members perform 

similar biological functions based on Gene Ontology terms.  

We further analyzed the component properties of the template-based homologous 

modules. We found that the core components, which are the consensus of PPI families across 

multiple species and division groups (i.e. high PPI evolution score), of the module families 

are often essential proteins for the survival of an organism. Our results showed that the core 

components of module families play an important role to regulate biological functions of 

module. In conclusion, the experimental results reveal that the PPI evolution score derived 

from template-based homologous modules could reflect essential proteins of a module family. 

We believe that homologous modules are useful to understand essential elements of a life. 
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Chapter 1 Introduction 

 

1.1 Background 

Assembling and cooperating between molecules in time and space scale are essential for 

biological processes, such as the cell cycle and transcription (Fig. 1) [1]. The organization of 

molecules is regarded as a module which is involving in a certain kind of process (e.g. natural 

variation, function, and development) and relatively autonomous with respect to other parts of 

the organisms (Fig. 2) [2, 3]. To identify and characterize the modules in a species, 

genome-scale module discovery approaches, such as gene expression and graph-based 

methods [3-5], have been proposed. Modules can provide insights of interactome evolution 

for two reasons. First, organizing biological systems into modules may permit changes and 

affect the evolutionary mechanisms within one module without perturbing other module. 

Second, modules can be combined and reused to create new biological functions [6-9]. The 

increasing number of complete genomes makes it useful for inferring modules in newly 

sequenced genomes and identifying the essential elements of modules through multiple 

species. 

Recently, several databases provide modules across multiple species based on orthology 

(protein family), such as KEGG MODULE database [10, 11] and the online database resource 

Search Tool for the Retrieval of Interacting Genes (STRING) [10, 11]. KEGG 

organism-specific modules is defined as a tight functional unit and complexes in the pathway 

through a set of orthologs [11], which are classified into pathway modules, structural 

complexes, functional sets, and genomic signatures. TOP 20 organisms assigned with KEGG 

organism-specific modules are mainly bacteria commonly used in molecular research projects, 

such as Klebsiella pneumonia and Escherichia coli, and so on (Table 1). STRING database 
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provides functional networks through cross-genome homology searches to transfer functional 

interactions by mapping orthologous proteins. Orthologous protein sequences often provide 

the clues for understanding the functions of a newly sequenced gene [12]. Furthermore, a 

protein can be annotated the biological process and molecular functions by considering its 

interacting proteins in a protein-protein interaction (PPI) network [13]. Therefore, 

homologous PPIs (PPI family) provide new insights for understanding the functional 

organization of the proteomes (e.g. conservations of interacting domain-domain pairs and 

function pairs) [12, 14]. As the increasing number of PPIs become available, to identify 

homologous modules across multiple species via PPI families should be useful to understand 

the module evolution, functions, and characteristics which are critical to analyze PPI networks 

of biological systems. 

The discovery of sequence orthologs to a known protein often provides clues for 

understanding the function of a newly sequenced gene [12]. However, a protein could be 

annotated new functions by considering its interacting proteins in protein-protein interactions 

(PPIs) network [13]. Therefore, homologous PPIs (a PPI family) in multiple species networks 

could provide new insights for understanding the functional organization of the proteomes 

during evolution (e.g. conservations of interacting domain-domain pairs and function pairs) 

[12]. As an increasing number of PPIs become available, identifying homologous PPIs should 

be useful to understand the conserved and divergent intra-module interactions of modules 

across multiple species. Perhaps conserved proteins and PPIs of modules observed through 

PPI families are the core components for regulating biological function in the biological 

system. 

 

1.2 Motivation 

To address these issues, we propose a new concept "module family" by through PPI 
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families [12, 14]. According to our knowledge, module family, which comprises a group of 

homologous modules, is the first approach that identifies homologous modules of the module 

template from a large complete genomic database (e.g. Integr8 [15]) through PPI families. 

Notably, the core components of a module family are the conserved PPIs across multiple 

division group and species. Our results show that homologous modules are highly connected 

and perform a certain kind of biological functions, and the core components are often the 

essential elements for survival of an organism according to essential gene database (DEG) [16] 

and Gene Ontology (GO) database [17]. We believe that the module families and core 

components are useful for understanding the module evolution and PPI networks of biological 

systems across multiple species. 

 

1.3 Thesis overview 

The thesis consists of the two studies “module family” and “core components of a 

module family”. Figure 3 and Table 2 show the thesis framework and data sets using in this 

study. This study infers homologous modules (a module family) from module templates 

(Section 2.1). First, we identified homologous module candidates of a module template from 

a large complete genomic database (Integr8) through PPI families. Subsequently, these 

module candidates were regarded as homologous modules (called module family) of this 

template, if the candidates are significantly similar to their module template: (i) protein 

similarity (E-values ≤ 10-10) [18, 19], (ii) PPI similarity (joint E-values ≤ 10-40) [12], and (iii) 

topology similarity (PPI aligned ratio ≥ 0.3 and protein aligned ratio ≥ 0.5) (Section 3.1).  

We analyzed characteristics of modules and homologous modules, and our results show 

that the homologous modules often contain the high connectivity (Section 3.2.1) and perform 

consensus of biological functions (Section 3.2.2). Furthermore, we attempt to identify the 

core components of homologous modules through PPI families (Section 3.3), orthologs of 
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essential proteins, and essential molecular functions (Section 3.4 and Section 3.5). 

Furthermore, we applied our concept on the crystal structure to identify template-based 

homologous modules (Section 3.7). In summary, we could identify homologous modules 

(module family) across multiple species using PPI families. The module family should be 

useful for deriving the core components and annotating the modules in a newly sequenced 

genome. Moreover, the module family can offer the new insight to analyze the module 

evolution and functions. 
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Chapter 2 Methods and Materials 

 

Figure 4 shows the details of our method to identify the template-based homologous 

modules (module family) by the following steps (Fig. 4A): First, we select a module template 

database, which consists of 1,625 protein complexes (i.e. 1,165 in Homo sapiens, 268 in Mus 

musculus, 157 in Rattus norvegicus, and 35 in Bos taurus),  from comprehensive resource of 

mammalian protein complexes database (CORUM; release 2.0) [20]. Then internal PPIs of a 

module template are added using template-based homologous PPIs, including experimental 

PPIs (i.e. IntAct [21], BioGRID [22], DIP [23], MIPS [24], and MINT [25]) and predicted 

homologous PPIs [12, 26] when the template is lack of intra-module interactions (Fig. 4B). 

For each PPI of a template, we derived its PPI family with joint E-value ≤ 10-40 [12] by 

searching from a complete genomic database (Integr8 version 103, containing 6,352,363 

protein sequences in 2,274 species) using BLASTP [15](Fig. 4C). The homologous modules 

of a module template are derived from these searched PPI families, combined into 

homologous module candidates, according to the topology similarity between the module 

template and these candidates (Fig. 4D). For each module family, the module family profile is 

constructed to visualize the proteins and PPIs compositions across multiple species. Finally, 

for each module family, we derive GO biological process (BP), GO cellular component (CC), 

PPI and interface evolution scores and the core components (Fig. 4E). 

 

2.1 Homologous module 

Here, we use the module template M (including proteins A, B, C, D, E and F) with night 

interfaces A-B, A-C, A-D, B-C, B-D, B-F, C-D, C-E and D-E as an example to define the 

homologous module of M as follows: (1) A', B', C', D', E' and F' are the homologous proteins 
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of A, B, C, D, E, and F, respectively, with the significant sequence similarity (BLASTP 

E-values ≤10-10) [18, 19]; (2) A'-B', A'-C', A'-D', B'-C', B'-D', B'-F', C'-D', C'-E' and D'-E' are 

the template-based homologous PPIs of A-B, A-C, A-D, B-C, B-D, B-F, C-D, C-E and D-E, 

respectively, with significant joint sequence similarity (joint E-value ≤ 10−40) [12]; (3) A', B', 

C', D', E' and F' is the homologous module of template M with high topology similarity (here, 

defined as protein aligned ratio ≥ 0.5 and PPI aligned ratio ≥ 0.3). The protein and PPI aligned 

ratio are defined as the number of proteins (PPIs) in the homologous module divided by the 

number of proteins (or PPIs) in the module template, respectively. Here, protein aligned ratio 

≥ 0.5 and PPI aligned ratio ≥ 0.3 are considered as topology similarity according to the 

statistical analysis of 75,706 modules (370 reference modules) in 1,442 species based on 

KEGG MODULE database [10]. 

 

2.2 Essential protein set and mapped essential protein set 

To validate the biological meaning of core components in module families, we collected 

11,384 essential proteins in 25 species from DEG (version 6.5) database [16], including 8 

eukaryotes (e.g. Homo sapiens and Saccharomyces cerevisiae) and 17 prokaryotes (e.g. 

Escherichia coli and Bacillus subtilis). 

The functions of essential genes (or proteins) were considered as an essential foundation 

for all cells [27]. Therefore, the homologous proteins of an essential protein might be also 

indispensable [16]. Here, the protein of module template was considered as mapped essential 

protein when this protein is homologs of an essential protein recorded in DEG database. For 

example, the SMARCB1 (SNF5 homolog) is a mapped essential protein which is a 

homologous protein of both essential proteins Cc (Snf5-related 1, D. melanogaster) and Cs 

(SNF5 homolog 1, S. cerevisiae) recorded in DEG (Fig. 12). 
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2.3 Characteristics of modules and homologous modules of homologous 

module 

 

2.3.1 Connectivity of homologous module 

To validate a homologous module which is relatively autonomous with respect to the 

other parts in a PPI network, we quantified the connectivity (Ct) of a module and is defined as 

nt C

m
C

2

= [28],where n and m are the protein and PPI numbers in a module. For example, Ct is 

1 if the proteins are complete connections in a module.   

 

2.3.2 Biological function of homologous module 

This study applied the relative specificity similarity (RSS) [29] to define the average 

RSS (AvgRSS) score for measuring the BP and CC similarities based on GO terms between all 

proteins in a homologous module. The AvgRSS score is given as 

  ji
C

AvgRSS
n

n

i

n

j ≠=
∑∑

= = ,

j)RSS(i,

2

1 1
 

(1) 

where i and j are any pair proteins in a module; n is the protein number of a module. 

We defined the random module sets to measure BP and CC of a module family. Each 

module template constructed 50 random modules, which were selected randomly the same 

protein number from the genome of template's organism, and each random module was the 

same number of proteins with the module template. Among 1,625 template modules, the 

random data set consisted of 81,250 random modules. 

 



 

8 

 

2.4 PPI evolution score 

Inferring homologous modules from multiple genomes provides an opportunity to 

understand the evolution, conserved functions, and core components of modules. Here, we 

measure the conservation of PPI family using PPI evolution score (PPIES). For evaluating 

PPIES, we selected and clustered the division names of NCBI taxonomy database [30] into 

five division groups, including mammals (MAM), vertebrates (VRT), invertebrates (INV), 

plants (PLN) and bacteria (BCT) (Table 3). For each PPI (z) of a module family, the PPI 

evolution score (PPIES) is defined as  

B

b

P

p

I

i

V

v

M

m
DGPPIESz +++++=    (2) 

where DG is the number of division groups that contain at least one species in the module 

family; M, V, I, P, and B are the total numbers of species belong to MAM, VRT, INV, PLN, 

and BCT, respectively; and m, v, i, p, and b are the numbers of species belong to MAM, VRT, 

INV, PLN, and BCT for the PPI z, respectively. For each protein (k) in a module, we define its 

interface evolution score (IES) based on the maximum PPIES as 

 IESk= max1≤j≤g(PPIESj)                       (3) 

where g is the number of proteins interacting to protein k.  For example, the IES of protein 

α-subunit (ATP5A1) is 9.91 in F1-ATP synthase-IF1 module (CORUM ID: 574 [31]) family 

because of interacting with β-subunit (ATP5B; PPIES = 9.91), γ-subunit (ATP5C1; PPIES = 

9.28), and δ-subunit (ATP5D; PPIES = 7.68) (Fig. 4E). 
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Chapter 3 Results and Discussion 

 

In this study, we proposed a new concept (module family) and a method for inferring the 

module families and the essential elements of the life across multiple genomes through PPI 

families. Based on 1,625 module templates in MIPS CORUM database, we inferred 1,578 

module families by searching the Integr8 database via 290,137 sequence-based PPI families 

and 86,252 structure-based PPI families. These homologous modules are often high 

connectivity and 89% and 96% module families have consensus BP and CC, respectively, 

based on GO terms. We further derived PPI and interface evolution scores to analyze the 

evolution and core components of a module family. According to PPI and interface evolution 

scores, the molecular functions (MF) of 808 proteins of core components are often for the 

survival of an organism and are highly correlated (Pearson's correlation=0.88) to the MFs of 

8,364 essential genes in DEG database. Finally, we applied our concept “template-based 

homologous module” on the crystal structure (PDB code 3fki [32]) of RNA polymerase II in 

Saccharomyces cerevisiae. 

 

3.1 Homologous modules 

To understand the functions and characteristics of module families, we collected 75,706 

organism-specific modules of 370 reference modules in 1,442 organisms from KEGG 

MODULE database. According to the data set, the protein aligned ratios between ~56% 

(42,065) and ~82% (62,080) organism-specific modules and their respective reference 

modules were exceed 0.9 and 0.5, respectively (Fig. 5A). Currently, the PPIs of a module are 

often limited and not consistent for different databases. For example, KEGG 

organism-specific modules were lack of internal PPI annotations. To decide the topology 
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similar threshold between modules and module templates, we added module PPIs through 

three PPI databases: 1) 275,787 experimental PPIs in the annotated PPI database (IntAct, 

MIPS, DIP, MINT, and BioGRID); 2) 9,016 PPIs derived from PDB crystal structures [26]; 

and 3) our previous sequence-based and structure-based homologous PPIs with joint E-value 

≤ 10-70 [12] and Z-score ≥ 4 [14], respectively. Among 75,706 organism-specific modules, 

23,092 modules can be added at least one internal PPI and the internal PPIs of the reference 

module are determined by considering all PPIs of its organism-specific modules. The PPI 

aligned ratios of 65% organism-specific modules are more than 0.3 (Fig. 5B). Based on these 

observations, we set the protein aligned ratio and PPI aligned ratio of the topology similarity 

to 0.5 and 0.3, respectively.  

Based on these results, we inferred template-based homologous modules of 1,625 

high-quality module templates which were collected from MIPS CORUM database. The 

CORUM database provides manually annotated protein complexes, which assemble multiple 

proteins to perform biological functions, from mammalian organisms [20]. These 1,625 

complexes include 1,165 (Homo sapiens), 268 (Mus musculus), 157 (Rattus norvegicus), and 

35 modules (Bos Taurus) with at least three proteins. According to these 1,625 module 

templates, we identified 1,578 module families (including 53,529 modules in 1,679 species) 

via our previous 290,137 sequence-based PPI families and 86,252 structure-based PPI 

families [12, 14]. 

 

3.2 Characteristics of homologous modules 

 

3.2.1 Connectivity of homologous modules 

A module in the protein network, relatively autonomous with respect to other parts of the 
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network, is often high connectivity in a PPI network. Figure 6A shows the relationships 

between the connectivity (Ct) of module templates and their respective extended modules, 

which extend one-layer PPIs and proteins for each protein in an original module. Among 

1,625 module templates, connectivity values of 71% (1,114) templates are more than 0.6; 

conversely, 4% (71) extended modules are more than 0.6. In addition, 53,529 homologous 

modules and their extended modules are 78% (41,890) and 1% (752) with connectivity ≥ 0.6, 

respectively (Fig. 6B). 83% templates and 95% homologous modules have higher 

connectivity than their extended modules. In the F1-ATP synthase-IF1 module family, the 

connectivity of this homologous module in Homo sapiens is 0.6 and the connectivity of its 

extended module decreases to 0.39. These results show that the homologous modules are 

relatively autonomous and high connectivity in a PPI network. 

 

3.2.2 Consensus of biological function of homologous modules 

Components of a module, assembling and cooperating in a PPI network, simultaneously 

preform a certain kind of biological functions. Here, we applied average RSS (AvgRSS) score 

to measure the consensus of biological functions (e.g. biological process similarity and 

location similarity) based on the GO terms of BP and CC. We compared the AvgRSS scores of 

BP and CC between the module templates and their respective extended modules. Among 

1,625 module templates, the AvgRSS scores of BP (89% module templates) and CC (96% 

module templates) were more than 0.6 (Figs. 6C and 6E). Sequentially, The BP and CC 

AvgRSS scores of 77% and 91% homologous modules, respectively, were more than 0.6 (Figs. 

6D and 6F). In contrast, only 2% extended modules of homologous modules have BP AvgRSS 

scores ≥ 0.6. The CC AvgRSS scores of 72% homologous module and 2% extended modules 

were more than 0.7. 
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Relative to the extended modules, 96% (1,451) and 97% (1,493) module templates have 

higher BP and CC AvgRSS scores. Similarly, 91% (27,569) and 95% (21,092) homologous 

modules have higher BP and CC AvgRSS scores than their extended modules. For instance, 

the BP and CC AvgRSS scores of F1-ATP synthase-IF1 homologous module in Homo sapiens 

are 0.83 and 0.86, but the AvgRSS scores of BP and CC decrease to 0.45 and 0.61 for its 

extended module, respectively. Additionally, the AvgRSS scores of BP and CC of module 

templates (Figs. 7A and 7C) and homologous (Figs. 7B and 7D) modules are significantly 

greater than random modules. These results reveal that the homologous modules are high 

consensus in BP and CC. 

 

3.3 Core components of homologous modules 

We identified the core components of homologous modules by observing the relationship 

between IES values and 8,553 proteins in 1,578 module templates. These proteins were 

divided into two groups, unannotated and mapped essential proteins. Among 3,740 mapped 

essential proteins, the IES values (Equation 3) of 81% and 36% proteins are more than 6 and 8, 

respectively (Figs. 8A and 8B). To analyze the relationship between IES values and 3,740 

mapped essential proteins, we defined the accuracy of each IES value interval as the number 

of mapped essential proteins divided by the total number of proteins. The correlation between 

accuracies and IES values is highly correlated (Pearson's correlation = 0.98). According to the 

annotation reliability (i.e. the number of homologs (recorded as essential proteins) of a 

template protein), the mapped essential proteins were divided into "mapped≥1 species" and 

"mapped≥2 species" groups. To compare with "mapped≥1" group, 98% and 62% "mapped≥2 

species" essential proteins have IES ≥ 6 and ≥ 8, respectively, among 962 proteins (Fig. 8C). 

Here, we regarded the proteins (IES ≥ 8) and PPIs (PPIES ≥ 8) are core components of a 

module family.   
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Here, we used F1-ATP synthase-IF1 module family as an example to describe the core 

component and IES scores (Fig. 4). During the process of oxidative phosphorylation, the 

chemical bond energy of ATP is produced by F1Fo ATP synthases through converting energy 

stored in an electrochemical gradient of H+ or Na+ across the membrane into mechanical 

rotation [33]. Three subunits α- (ATP5A1), β- (ATP5B), and γ-subunits (ATP5C1) and their 

PPIs were considered as core components of F1-ATP synthase-IF1 module family through PPI 

families (IES ≥ 9.28). For example, the PPI family of β- and γ- subunits across 1,372 species 

was constructed by the template interface chain D (β- subunits) and G (γ-subunits) of F1 ATP 

synthase (PDB code: 2jdi [34]) of Bos taurus. Based on the profile of the F1-ATP synthase-IF1 

module family in the organisms commonly used in molecular research projects (Fig. 4E), the 

PPI families of α-, β-, and γ- subunits are more conserved than others, such as ε-subunit 

(ATP5E) and ATPase inhibitor (ATPIF1). The ATP hydrolysis occurs in the α3β3 drives 

rotation of the γ-subunit, which inserts long coiled-coil helices into central cavity of the α3β3 

cylinder [35]. In addition, ATP hydrolysis activity was inhibited by the ε subunit of ATP 

synthase with C-terminal α-helical domain [33]. The protein sequences of ε subunit in 

mammals are different with other division groups, such as invertebrates, plants, and bacteria. 

On the other hand, the natural inhibitor of F1 ATP synthase regulates ATP synthase activity 

with the N-terminal inhibitory sequences [36], but no homolog of ATPIF1 has been found in 

either chloroplasts or bacteria [33]. 

For the F1-ATP synthase-IF1 module family, the homologous proteins of ATP5A1, 

ATP5B and ATP5C1 were the essential proteins in 11, 9 and 9 species (e.g. D. melanogaster 

and M. tuberculosis), respectively. In contrast, none homologous proteins of other 

components (e.g. ATPIF1) were essential proteins. These experimental results demonstrate 

that the core components of a module family preferred to be the essential elements for the 

survival of an organism. 
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3.4 Essential MF terms of GO 

The GO terms provide the descriptions of BP, CC and MF of a protein (gene), such as 

catalysis and binding [17]. According to the modification of TF-IDF (term frequency–inverse 

document frequency) scoring scheme [37], we identified 181 essential GO MF terms to 

describe functional relationships of essential proteins and core components of module families 

(Table 4). First, we collected 8,364 essential proteins (called EP8364 set) from DEG database 

and 160,598 proteins (called CG27 set) in 27 completed genomes (25 species in DEG 

database and 2 species in module template set). These proteins in these two sets consist of at 

least one GO MF or GO BP terms. The occur ratio (CRt) of a GO MF term (t) is defined as 

CRt=Pt/T, where Pt is the number of proteins with term t and T is the total number of proteins 

in sets EP8364 (8,364 proteins) or CG27 (160,598 proteins). For example, the occur ratio of 

the term "rRNA binding" is 0.0497 while Pt = 416 and T = 8,364 for the EP8364 set. The 

distributions of occur ratios of GO MF terms between the proteins in core components and the 

essential proteins are significantly similar (Pearson's correlation=0.88). In contrast, the 

Pearson's correlation of GO BP terms is 0.28 because the BP terms often describe a series of 

events accomplished by one or more ordered assemblies of molecular functions. The MF and 

BP terms are suitable for a protein and a module, respectively.  

Sequentially, we developed "unique ratio (UR)" to statistically measure the GO MF term 

importance (specificity) to a protein by modifying the TF-IDF scoring scheme [37]. The 

unique ratio of a GO MF term (t) is defined as URt=CRt
EP/CRt

CG, where CRt
EP and CRt

CG are 

the occur ratios of term t in sets EP8364 and CG27, respectively. For example, the unique 

ratio of term "rRNA binding" is 9.72 while CRt
EP =0.0497 and CRt

CG =0.0051. Finally, we 

statistically selected 181 essential GO MF terms, which are significant specificity to essential 

proteins and core components with UR≥2, to avoid selecting the terms of specific species (e.g. 

azobenzene reductase activity) and high usage without the specificity (e.g. protein binding). 
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To analyze characteristics and functions of core components, we classified clustered 

these 181 essential GO MF terms into 12 groups, such as Translation (30 terms, 16%), 

Transcription (12 terms, 7%), Carbohydrate (26 terms, 14%) and Lipid (14 terms, 8%) 

metabolisms, Amino acid metabolism (12 terms, 7%) and RNA degradation (6 terms, 3%), 

Purine (12 terms, 7%) and Pyrimidine (4 terms, 2%) metabolism, and Oxidative 

phosphorylation (5 terms, 3%) (Fig. 9A and Table 4). The largest percentage (16%) of the 

essential GO MF terms is Translation group, such as rRNA binding (UR=9.72), translation 

release factor activity, codon specific (UR=6.48), structural constituent of ribosome 

(UR=4.71), and tRNA binding (UR=8.38). In the process of transcription, the information 

contained in a section of DNA is transferred to a newly assembled piece of messenger RNA 

(mRNA), which is a part of central dogma. The central dogma of molecular biology, including 

DNA replication, transcription, and translation, is the fundamental of life for sequence 

information transfer [38]. Among 181 essential GO MF terms, 30% essential GO MF terms 

are involving in the central dogma (Fig. 9A). Furthermore, we also analyzed the percentage of 

GO MF groups in 3,441 essential proteins (Fig. 9B). 71% essential proteins were annotated 

with GO MF terms which are relative to the central dogma, such as translation (54%). 

Among 181 essential GO MF terms, 40 terms (e.g. acetyl-CoA carboxylase activity, 

UR=9.25) are recorded in Carbohydrate and lipid metabolisms, which are for the energy 

balance of organisms and for various biochemical processes responsible for the formation, 

breakdown and interconversion [39, 40]. 22% essential GO MF terms are participated in 

carbohydrate and lipid metabolisms. 18 essential GO MF terms are included in Amino acid 

metabolism (e.g. cysteine desulfurase activity, UR=6.89) and RNA degradation (e.g. 3'-5' 

exonuclease activity, UR=5.27), which play an important role of the energy balance in reuse 

of RNA and amino acids. Purine (ATP-dependent RNA helicase activity, UR=5.04) and 

pyrimidine (thymidylate kinase activity, UR=6.98) metabolisms are regarded as a modular 
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minimal cell model [41]. The generation of the biological energy occurs mainly in oxidative 

phosphorylation group [42]. These results show that most of these 181 essential GO MF terms 

are indispensable for the survival of an organism. 

 

3.5 Core components and Essential MF terms 

To analyze the characteristics and functional annotations of core components, we 

compared the essential proteins and the proteins of core component using derived 181 

essential GO MF terms (Figs. 9B and 9C). The distributions of occur ratios in 181 essential 

GO MF terms were significantly similar between the core component set (i.e. 808 proteins of 

1,578 template modules) and the essential protein set (i.e. 8,364 essential proteins) (Fig. 10). 

Both sets have four GO MF terms with high occur ratios, including structural constituent of 

ribosome, ATPase activity, nucleoside-triphosphatase activity, and identical protein binding. 

Interestingly, the occur ratio of the MF term chromatin binding (in cell cycle group) in the 

core component set is much higher than the one in the essential protein set (Fig. 9C). 

Chromatin is a condensed structure in eukaryotic cells, but prokaryotic cells do not possess 

histones to form chromatin [43]. Relative to all module templates belong to mammals 

(eukaryote), most of essential proteins in DEG database are collected from prokaryotes. 

Therefore, the essential protein set has few chromatin binding annotation.  

On the other hand, the essential protein set contains two terms related with translation 

(i.e. rRNA binding and tRNA binding) with high peaks but not in the core component set (Fig. 

9C). Since these two terms are prokaryote specific in GO database, this is the reason, that the 

core component set has low occur ratios in rRNA binding and tRNA binding annotations. 

Moreover, Figure 9B shows the percentages of 246 proteins of core components and 3,441 

essential proteins in 12 groups of 181 essential GO MF terms. We found that 14% proteins of 
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core components related with cell cycle but 3% in essential proteins due to chromatin binding. 

Similarly, rRNA binding and tRNA binding (prokaryote-specific annotation) in translation are 

the causes of higher percentage in essential proteins (54%) than ones in the core components 

(25%). Our results suggest that the proteins of core components are considered as the essential 

proteins due to the significantly similar distributions of the occur ratios in 181 essential GO 

MF terms. 

To verify whether the unannotated proteins of core components implied potential 

essential proteins, we analyzed orthologous proteins and function annotations of essential 

proteins. The homologous or orthologous proteins of an essential protein could be considered 

to be essential [16]. Here, we used the orthologs in PORC database [15] and 181 essential GO 

MF terms to analyze  unannotated proteins of core components. Among 400 unannotated 

proteins (IES ≥ 8) of core components, 146 proteins (37%) are the orthologous proteins of 

essential proteins or annotated at least one of 181 essential GO MF terms. Furthermore, the 

GO MF term, which is the child of essential GO MF terms could be considered as the 

essential GO MF terms. Therefore, 116 unannotated proteins (29%) possess the children 

annotations of 181 essential GO MF terms. Moreover, 73% unannotated proteins with IES ≥ 9 

have at least one of these three aspects (Tables 5 and 6). 

 

3.6 Example analysis 

The nucleosome remodeling and deacetylase module (NuRD, CORUM ID: 614) of 

Homo sapiens consists of histone deacetylase 1/2 (HDAC1/HDAC2), histone-binding protein 

RBBP4 (RBBP4), chromodomain-helicase-DNA-binding protein 3/4 (CHD3/CHD4), 

metastasis-associated protein MTA1 (MTA1), and lysine-specific histone demethylase 1A 

(KDM1) (Fig. 11). The NuRD module was considered as a key modulator of ageing 

associated chromatin defects [44-46] and found widely in mammals, vertebrates, invertebrates, 
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and plants [47]. 

Using the NuRD module in Homo sapiens as a module template, its homologous 

modules across 233 species and 5 division groups involve in regulating negative regulation of 

gene-specific transcription from RNA polymerase II promoter (Fig. 11A). Eight PPI families 

(e.g. CHD3-CHD4, CHD3-HDAC2, and HDAC1-HDAC2) of this module family were 

regarded as core components due to their PPIES ≥ 8 (Fig. 11B). Among five predicted core 

proteins (i.e. HDAC1/2, RBBP4, and CHD3/CHD4), three proteins (i.e. HDAC1/2 and 

PBBP4) are the homologous proteins of essential proteins recorded in DEG database (Fig. 

11C). CHD3 and CHD4 were annotated with several essential GO MF terms, such as 

chromatin binding and ATP-dependent DNA helicase activity (Fig. 11D). In addition, the 

CHD4, which possesses intrinsic ATP-dependent nucleosome-remodeling activity, can 

prevent accumulation of spontaneous DNA damage and increase ionizing radiation sensitivity 

[48]. These results show that proteins CHD3 and CHD4 should be core proteins of the NuRD 

module family.  

Figure 11B shows that the PPI families of MTA1-HDAC1/2 and MTA1-CHD3/4 were 

conserved in mammals, vertebrates, and invertebrates. Metastasis-associated protein 1 

(MTA1), the first gene found in the family of cancer progression-related genes, is widely 

upregulated in human cancers and plays an important role in tumorigenesis and tumor 

aggressiveness, such as tumor invasion and metastasis in breast cancer [49-51]. The MTA1 

was lack of homologous proteins in Arabidopsis thaliana, Schizosaccharomyces pombe and 

Saccharomyces cerevisiae, in homologene database of NCBI [30]. In addition, cancers in 

plants (i.e. galls) grow locally rather than by metastasis [52]. Therefore, homologous PPIs of 

MTA1-HDAC1/2 and MTA1-CHD3/4 are not found in plants and fungi. On the other hand, 

RBBP4 is a conserved histone-binding protein and shares subunits of several multi-protein 

complexes involving in the establishment of heterochromatin [53, 54]. Because the 
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prokaryotic cells do not possess histones to package the DNA to form the chromatin [43], 

RBBP4-HDAC1/2 and RBBP4-CHD3/4 PPI families are highly conserved in eukaryotes but 

lack in bacteria (Fig. 11B). 

In the second example, we used BRG1-based SWI/SNF chromatin remodeling complex 

(CORUM ID: 2852, regulating cell proliferation and differentiation [55]) as a module 

template to identify homologous modules and the core components (Fig. 12). Four proteins of 

this complex were considered as the core components because their IES values ≥ 8. In this 

complex, three proteins (ACTL6A, SMARCC1 and SMARCB1) are the mapped essential 

proteins based on the DEG database. The protein SMARCC2 should be a mapped essential 

protein according to its GO MF terms: chromatin binding, transcription coactivator activity 

and DNA binding. These results indicate that the proteins of core components often are 

essential proteins based on orthologs of essential proteins, the essential GO MF terms, and 

children terms of essential GO MF terms. 

 

3.7 Application: Crystal structure-based homologous modules 

We applied our concept, “template-based homologous module”, on crystal structures 

derived from PDB database. In the first step of gene expression in eukaryotic cells, RNA 

polymerase II and its associated factors form an elaborate protein module that transcribes 

DNA sequences into pre-mRNAs [56]. To study eukaryotic gene expression machinery, it is 

essential for understanding the mechanisms that regulate transcription via protein-protein 

interactions within the RNA polymerase II apparatus [32]. In our results, we used the crystal 

structure (PDB code 3fki [32]) of RNA polymerase II in Saccharomyces cerevisiae as a 

module template to identify the homologous modules (Fig. 13A). There are 12 proteins 

involving in this module, including DNA-directed RNA polymerase II subunit RPB1 (RPB1), 
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DNA-directed RNA polymerase II subunit RPB2 (RPB2) and DNA-directed RNA polymerase 

II subunit RPB8 (RPB8). Figure 13 shows the method and the searching result of RNA 

polymerase II module family which comprises seven homologous modules in Homo sapiens, 

Mus musculus, Drosophila melanogaster and Saccharomyces cerevisiae. First, we identified 

20 template-based PPI families (e.g. RPB1-RPB2 and RPB1-RPB8 PPI families of interface 

of chain A-B and A-H, respectively) with interface similarity Z-values ≥ 3 from Integr8 

database (Fig. 13B). Next, we combined these PPI families to identify homologous modules 

(a protein module family), including three homologous modules of Homo sapiens, Mus 

musculus and Drosophila melanogaster which comprise 12 proteins (proteins aligned ratio is 

1.00) and 19 PPIs (PPI aligned ratio is 0.94) and a homologous module of Saccharomyces 

cerevisiae which comprises 12 proteins (proteins aligned ratio is 1.00) and 20 PPIs (PPI 

aligned ratio is 1.00) (Fig. 13B). These homologous modules are recorded in KEGG complex 

module (RNA polymerase II, eukaryotes; M00180) [57] for supporting our result. In addition, 

all proteins of four homologous modules in this module family have the same MF (e.g. 

DNA-directed RNA polymerase activity) and BP terms (e.g. transcription from RNA 

polymerase II promoter) in GO database. Similarly, interacting domain pairs [58] (e.g. 

RNA_pol_Rpb1_3–RNA_pol_Rpb8 of RPB1–RPB8) are conserved in the module family. 

Moreover, we provided the binding model to analyze the binding forces based on the template, 

such as hydrogen bonds, including Leu597-Tyr102 and Leu598-Arg25 of interface A-H and 

Glu846-Arg1135, Lys345-Asp1156 and Asp346-Arg1100 of interface A-B). Our results 

suggested all interacting residues forming the hydrogen bonds are often highly conserved and 

useful for observing the interface evolution across multiple species (Fig. 13A). 

A tightly associated 10-subunit core and a heterodimeric subcomplex of subunits RPB4 

and RPB7 assembled the dodecameric protein of RNA polymerase II [59]. For catalyzing 

RNA-chain polymerization, the 10-subunit core harbors the central transesterase activity, but 
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the proteins RPB4 and RPB7 enables promoter-dependent initiation by the polymerase and 

supports yeast growth under stress conditions [60, 61]. Based on above works, the 

homologous module in Saccharomyces cerevisiae comprised 20 PPIs but only 19 PPIs in 

Homo sapiens, Mus musculus and Drosophila melanogaster. We found a PPI (i.e. RPB4- 

RPB2) of homologous module in Saccharomyces cerevisiae does not exists in Homo sapiens, 

Mus musculus and Drosophila melanogaster (Fig. 14). Through the binding model and 

multiple species alignments from the template module, we found some contact residues in 

Saccharomyces cerevisiae are changed (e.g. Tyr1217 of RPB2 in Saccharomyces cerevisiae to 

Met1172 of POLR2B in Homo sapiens and Ser4 of RPB4 in Saccharomyces cerevisiae 

change to Gly4 of POLR2D in Homo sapiens) or absent (e.g. Arg1220 and Ser1221 of RPB2 

and Arg12, Arg13, Arg14, Leu15 and Lys16 of RPB4) in Homo sapiens that result in the 

interaction losing (Fig. 14). For the programmed development of multicellular organisms and 

the homeostasis of cells, it is critical to regulate RNA polymerase II activity [62]. RPB4 

involved in yeast growth under stress conditions, but resistance of stress in Homo sapiens, 

Mus musculus and Drosophila melanogaster is more complicated. These results implied the 

interactome are diverse between unicellular (e.g. Saccharomyces cerevisiae) and multicellular 

organisms (e.g. Homo sapiens, Mus musculus and Drosophila melanogaster). 

 

3.8 Discussion 

Modules could provide insights of a PPI network evolution for two reasons. First, 

organizing a biological system into modules permits the changes to affect the mechanisms 

within one module without perturbing other modules [6]. Second, the new biological 

functions can be created by the combination and reuse of modules [7, 63]. To identify and 

analyse homologous modules in the PPI networks across multiple species provide a new 

opportunity for exploring the evolutionary fundamentals of biological systems. Among 1,578 
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module families, we found that all proteins of 133 module families were recognized as core 

components. Interestingly, these module families were often involving in important biological 

processes, such as central dogma and cell cycle. This observation implied that these modules 

could be regarded as the essential modules of a life. For instance, BRG1-based SWI/SNF 

chromatin remodeling module family, which regulates cell proliferation and differentiation in 

eukaryotes, comprise four proteins which are regarded as core components (e.g. SMARCC1, 

SMARCC2, SMARCB1, and ACTL6A) (Fig. 12). 
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Chapter 4 Conclusions 

 

4.1 Summary 

This study proposes a new concept “module family” that consists of homologous 

modules derived from a large complete genomic database through a module template and PPI 

families. The experimental results show that homologous modules are highly connected and 

perform a certain kind of biological function. For a module family, its core components, 

which consist of conserved PPIs across multiple species and division groups, often forms the 

essential elements for the survival of an organism according to 181 essential GO MF terms. 

We believe that the module family and core components provide new insights for 

understanding module evolution and functions in the PPI networks of biological systems. 

 

4.2 Major contributions and future works 

According to our knowledge, module family, which comprises a group of homologous 

modules, is the first approach that identifies homologous modules of the module template 

from complete genomes through PPI families. We have developed a new method to identify 

homologous modules based on module templates of manually annotated protein complexes 

and crystal structures. Furthermore, the conserved and divergent internal PPIs of homologous 

modules provided clues to infer essential elements of modules. 

For the origination and diversity of novel phenotypes, we will focus on two issues: 

“What is (are) the essential element(s) of life” and “What is the formation of a new species”. 

Some modules are evolutionarily cohesive, in other words, these cohesive modules are 

conserved across multiple species [64]. The relationships between the connected modules 

allow construction of the module-module interaction network which is regarded as the 
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connection between different functional modules in the interactome [65]. Intra-module 

proteins have less widespread mutational effects but inter-module proteins, which integration 

occurs between modules, have higher rate of amino-acid substitutions [66, 67]. According to 

previous studies, inter-module interactions have more evolutionary modifications than 

intra-module interactions. 

Inter-module interactions of RNA polymerase II module in human are mediated by 

protein-protein interaction, such as POLR2B-MEN1, POLR2B-WWOX, and 

POLR2B-GSK3B (Fig. 15). In other word, the inter-module proteins interacting with 

POLR2B, including MEN1, WWOX, and GSK3B, and participate other BP annotations of 

proliferation, steroid metabolic process, and glycogen metabolic process, respectively. 

Multiple endocrine meoplasia type 1 (MEN1) is a subunit of mixed-lineage leukemia (MLL) 

complex, a proto-oncogene with implication of development and leukemia pathogenesis [68, 

69]. WWOX contains two WW domains at N-terminal and plays a role in regulating steroid 

metabolism [70]. Glycogen synthase kinase β (GSK3B) is a serine-threonine kinase with 

potent tumour suppressor qualities  and regulates glucose storage and cell proliferation [71, 

72]. In this section, we would propose a real case about the module-module interaction 

between RNA polymerase II module and MLL1 complex module. 

The mechanism of RNA polymerase II module is involved in transcription that is the 

process of creating a complementary RNA copy of a sequence of DNA. MLL core complex 

uses a non-processive mechanism to catalyze multiple lysine methylations of histones, which 

is an important epigenetic indexing system for transcriptionally active and inactive chromatin 

domains in eukaryotic genomes [73]. Based on our concept of module family, we identified 

the module families of RNA polymerase and MLL complex. The module family of RNA 

polymerase was descripted above (Fig. 13 and 14). The MLL complex module in Homo 

sapiens consists of six components, including histone-lysine N-methyltransferase MLL 



 

25 

 

(MLL), menin (MEN1), Set1/Ash2 histone methyltransferase complex subunit ASH2 

(ASH2L), rtinoblastoma-binding protein 5 (RBBP5), WD repeat-containing protein 82 

(WDR82) and WD repeat-containing protein 5 (WDR5). In the MLL complex module family, 

there are two homologous modules (6 proteins and 15 PPIs) in Homo sapiens, one module (6 

proteins and 15 PPIs) in Drosophila melanogaster and one module (5 proteins and 10 PPIs) in 

Saccharomyces cerevisiae. Interestingly, we found histone-lysine N-methyltransferase MLL2 

(MLL2) is the homologs of MLL1 in Homo sapiens and could replace the MLL1 to form the 

MLL complex. However, only one homologs histone-lysine N-methyltransferase trithorax (trx) 

and histone-lysine N-methyltransferase, H3 lysine-4 specific (SET1) is in Drosophila 

melanogaster and Saccharomyces cerevisiae, respectively [74]. In addition, menin activates 

the transcription of differentiation-regulating genes by covalent histone modification, and that 

this activity is related to tumor suppression by MEN1 [75-78]. Menin in the MLL complex 

associated with RNA polymerase II in Homo sapiens [79] and Drosophila melanogaster. 

However, there are no Menin homologs found in Saccharomyces cerevisiae genome. SET1 

replaces the part of interaction between RNA polymerase II module and MLL complex 

module in Saccharomyces cerevisiae (Fig. 15). According to our results, we could find not 

only diversity of intra-module interactions but also diversity of inter-module interactions 

between different organisms. It is useful to homologous modules in across-genome scale and 

offer biologists to realize evolutions of module and behaviors of interactome. 
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Tables 

Table 1. The list of the number of modules in TOP 20 organisms from KEGG MODULE database 

KEGG  
Taxonomy ID 

NCBI  
Taxonomy ID Organism Codes Organisms No. of modules in KEGG 

MODULE database 

T00772 507522 kpe Klebsiella pneumoniae 342 141 

T00566 272620 kpn Klebsiella pneumoniae subsp. pneumoniae MGH 78578 141 

T00910 484021 kpu Klebsiella pneumoniae NTUH-K2044 139 

T01170 640131 kva Klebsiella variicola At-22 138 

T01342 701347 esc Enterobacter cloacae SCF1 135 

T00044 155864 ece Escherichia coli O157:H7 EDL933 134 

T00672 439855 ecm Escherichia coli SMS-3-5 134 

T00507 399742 ent Enterobacter sp. 638 133 

T00784 409438 ecy Escherichia coli O152:H28 SE11 132 

T00949 544404 etw Escherichia coli O157:H7 TW14359 132 

T00831 585056 eum Escherichia coli O17:K52:H18 UMN026 132 

T01422 741091 rah Rahnella sp. Y9602 132 

T00778 444450 ecf Escherichia coli O157:H7 EC4115 131 

T00338 364106 eci Escherichia coli O18:K1:H7 UTI89 131 

T00829 585057 ect Escherichia coli O7:K1 IAI39 131 

T00591 331112 ecx Escherichia coli O9 HS 131 

T01098 573235 eoj Escherichia coli O26:H11 11368 131 

T00068 316407 ecj Escherichia coli K-12 W3110 130 

T00828 585034 ecr Escherichia coli O8 IAI1 130 

T00048 386585 ecs Escherichia coli O157:H7 Sakai 130 
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Table 2. The list of data sets using definition and verification of module family 

Data sets Comments 

MIPS CORUM database [20] 
The CORUM database using as module template set provides manually annotated protein complexes, which assemble multiple 
proteins to perform biological functions, from mammalian organisms. 

Annotated PPI database 275,787 experimental PPIs in the annotated PPI database (IntAct [21], BioGRID [22], DIP [23], MIPS [24], and MINT [25]) 

Predicted homologous PPI set 
Our previous sequence-based and structure-based homologous PPIs with joint E-value ≤ 10-40 [12] and Z-score ≥ 3 [14], including 
290,137 sequence-based PPI families and 86,252 structure-based PPI families 

Integr8 database [15] A complete genomic database (Integr8 version 103, containing 6,352,363 protein sequences in 2,274 species) 

KEGG MODULE database [11] KEGG organism-specific modules is defined as a tight functional unit and complexes in the pathway through a set of orthologs 

Gene Ontology (GO) database [17] 
We derive GO biological process (BP) to annotate homologous modules  and GO molecular function (MF) to annotate core 
components of module family. 

Extended module data set Extending one-layer PPIs and proteins for each protein in an original module through homologous PPIs 

Random data sets 
Each module template constructed 50 random modules, which were selected randomly the same protein number from the genome 
of template's organism, and each random module was the same number of proteins with the module template. 

PORC ortholog database [15] PORC (putative orthologous clusters) are defined as orthologous families from Integr8 database. 

Essential genes database (DEG) [16] We collected 11,384 essential proteins in 25 species from DEG (version 6.5) database, including 8 eukaryotes and 17 prokaryotes. 

EP8364 set We collected 8,364 essential proteins (called EP8364 set) from DEG database with at least one GO MF or GO BP terms. 

CG27 set 
160,598 proteins (called CG27 set) in 27 completed genomes (25 species in DEG database and 2 species in module template set) 
derived from Integr8 database 
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Table 3. Modified division groups from NCBI taxonomy database 

Division group Division code a Division name b 
Number of species used 

in module family 

MAM 

PRI Primates 

4 ROD Rodents 

MAM Mammals 

VRT VRT Vertebrates 3 

INV INV Invertebrates 27 

PLN c PLN Plants 42 

BCT BCT Bacteria 1,596 

N/A d 

PHG Phages 

7 

VRL Viruses 

SYN Synthetic 

UNA Unassigned 

ENV Environmental samples 
a,b The division names and codes are derived from NCBI taxonomy database [30] (ftp://ftp.ncbi.nih.gov/pub/taxonomy/taxdump.tar.gz). 
c The PLN division group includes plants and fungi (e.g. Saccharomyces cerevisiae). 
d. According to only 478 homologous modules (< 1 %) of 53,529 homologous modules (1,679 species) belong to phages, viruses, synthetic, unassigned, and 
environmental samples, therefore, we excluded these divisions. 
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Table 4. The 181 essential GO molecular functions (MF) terms 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 
total 8,364 proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0019843 rRNA binding Translation 822 0.0051 416 0.0497 9.7173 3 0.0037 0.7254 

GO:0004820 glycine-tRNA ligase activity Translation 53 0.0003 24 0.0029 8.6948 0 0.0000 0.0000 

GO:0000049 tRNA binding Translation 394 0.0025 172 0.0206 8.3822 2 0.0025 1.0089 

GO:0004818 glutamate-tRNA ligase activity Translation 40 0.0002 17 0.0020 8.1605 1 0.0012 4.9690 

GO:0004827 proline-tRNA ligase activity Translation 38 0.0002 16 0.0019 8.0847 1 0.0012 5.2305 

GO:0004832 valine-tRNA ligase activity Translation 41 0.0003 17 0.0020 7.9614 0 0.0000 0.0000 

GO:0004825 methionine-tRNA ligase activity Translation 38 0.0002 15 0.0018 7.5794 1 0.0012 5.2305 

GO:0004814 arginine-tRNA ligase activity Translation 54 0.0003 21 0.0025 7.4671 1 0.0012 3.6807 

GO:0004824 lysine-tRNA ligase activity Translation 49 0.0003 19 0.0023 7.4453 1 0.0012 4.0563 

GO:0004826 phenylalanine-tRNA ligase activity Translation 88 0.0005 32 0.0038 6.9822 0 0.0000 0.0000 

GO:0004823 leucine-tRNA ligase activity Translation 43 0.0003 15 0.0018 6.6981 0 0.0000 0.0000 

GO:0016149 translation release factor activity, codon specific Translation 83 0.0005 28 0.0033 6.4775 1 0.0012 2.3947 

GO:0004831 tyrosine-tRNA ligase activity Translation 45 0.0003 15 0.0018 6.4004 0 0.0000 0.0000 

GO:0004822 isoleucine-tRNA ligase activity Translation 39 0.0002 13 0.0016 6.4004 1 0.0012 5.0964 

GO:0004817 cysteine-tRNA ligase activity Translation 47 0.0003 15 0.0018 6.1280 0 0.0000 0.0000 

GO:0004526 ribonuclease P activity Translation 71 0.0004 22 0.0026 5.9496 0 0.0000 0.0000 

GO:0004829 threonine-tRNA ligase activity Translation 49 0.0003 15 0.0018 5.8779 0 0.0000 0.0000 

GO:0004816 asparagine-tRNA ligase activity Translation 33 0.0002 10 0.0012 5.8185 0 0.0000 0.0000 
a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 

  



 

30 

 

Table 4. The 181 essential GO molecular functions (MF) terms (Continued) 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 
total 8,364 proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0004828 serine-tRNA ligase activity Translation 53 0.0003  16 0.0019  5.7966  0 0.0000  0.0000  

GO:0004813 alanine-tRNA ligase activity Translation 50 0.0003  15 0.0018  5.7603  0 0.0000  0.0000  

GO:0004821 histidine-tRNA ligase activity Translation 50 0.0003  15 0.0018  5.7603  0 0.0000  0.0000  

GO:0004815 aspartate-tRNA ligase activity Translation 77 0.0005  22 0.0026  5.4860  1 0.0012  2.5813  

GO:0008097 5S rRNA binding Translation 34 0.0002  9 0.0011  5.0826  1 0.0012  5.8459  

GO:0004830 tryptophan-tRNA ligase activity Translation 50 0.0003  13 0.0016  4.9923  0 0.0000  0.0000  

GO:0003735 structural constituent of ribosome Translation 2903 0.0181  713 0.0852  4.7159  22 0.0272  1.5063  

GO:0004045 aminoacyl-tRNA hydrolase activity Translation 55 0.0003  13 0.0016  4.5384  0 0.0000  0.0000  

GO:0008143 poly(A) RNA binding Translation 31 0.0002  5 0.0006  3.0970  4 0.0050  25.6464  

GO:0043022 ribosome binding Translation 120 0.0007  19 0.0023  3.0402  4 0.0050  6.6253  

GO:0003746 translation elongation factor activity Translation 419 0.0026  55 0.0066  2.5204  2 0.0025  0.9487  

GO:0003743 translation initiation factor activity Translation 749 0.0047  81 0.0097  2.0765  16 0.0198  4.2459  

GO:0004807 triose-phosphate isomerase activity 
Carbohydrate 
metabolism 

34 0.0002  11 0.0013  6.2121  0 0.0000  0.0000  

GO:0004751 ribose-5-phosphate isomerase activity 
Carbohydrate 
metabolism 

31 0.0002  10 0.0012  6.1939  0 0.0000  0.0000  

GO:0004148 dihydrolipoyl dehydrogenase activity 
Carbohydrate 
metabolism 

44 0.0003  14 0.0017  6.1094  0 0.0000  0.0000  

GO:0004618 phosphoglycerate kinase activity 
Carbohydrate 
metabolism 

42 0.0003  13 0.0016  5.9432  0 0.0000  0.0000  

GO:0004742 dihydrolipoyllysine-residue acetyltransferase activity 
Carbohydrate 
metabolism 

30 0.0002  9 0.0011  5.7603  0 0.0000  0.0000  

GO:0004477 methenyltetrahydrofolate cyclohydrolase activity 
Carbohydrate 
metabolism 

45 0.0003  13 0.0016  5.5470  0 0.0000  0.0000  

a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 
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Table 4. The 181 essential GO molecular functions (MF) terms (Continued) 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 
total 8,364 proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0004488 methylenetetrahydrofolate dehydrogenase (NADP+) activity Carbohydrate 
metabolism 42 0.0003  12 0.0014  5.4860  0 0.0000  0.0000  

GO:0004802 transketolase activity Carbohydrate 
metabolism 44 0.0003  10 0.0012  4.3639  0 0.0000  0.0000  

GO:0004634 phosphopyruvate hydratase activity Carbohydrate 
metabolism 58 0.0004  13 0.0016  4.3037  0 0.0000  0.0000  

GO:0004347 glucose-6-phosphate isomerase activity Carbohydrate 
metabolism 37 0.0002  8 0.0010  4.1516  0 0.0000  0.0000  

GO:0003983 UTP:glucose-1-phosphate uridylyltransferase activity Carbohydrate 
metabolism 32 0.0002  6 0.0007  3.6002  0 0.0000  0.0000  

GO:0004615 phosphomannomutase activity Carbohydrate 
metabolism 32 0.0002  6 0.0007  3.6002  0 0.0000  0.0000  

GO:0004750 ribulose-phosphate 3-epimerase activity Carbohydrate 
metabolism 52 0.0003  9 0.0011  3.3233  0 0.0000  0.0000  

GO:0004365 
glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) 
activity 

Carbohydrate 
metabolism 84 0.0005  14 0.0017  3.2002  1 0.0012  2.3662  

GO:0017176 phosphatidylinositol N-acetylglucosaminyltransferase activity Carbohydrate 
metabolism 33 0.0002  5 0.0006  2.9093  3 0.0037  18.0691  

GO:0004739 pyruvate dehydrogenase (acetyl-transferring) activity Carbohydrate 
metabolism 53 0.0003  8 0.0010  2.8983  0 0.0000  0.0000  

GO:0004619 phosphoglycerate mutase activity Carbohydrate 
metabolism 50 0.0003  7 0.0008  2.6882  0 0.0000  0.0000  

GO:0004332 fructose-bisphosphate aldolase activity Carbohydrate 
metabolism 86 0.0005  12 0.0014  2.6792  0 0.0000  0.0000  

GO:0042132 fructose 1,6-bisphosphate 1-phosphatase activity Carbohydrate 
metabolism 39 0.0002  5 0.0006  2.4617  0 0.0000  0.0000  

GO:0004579 
dolichyl-diphosphooligosaccharide-protein glycotransferase 
activity 

Carbohydrate 
metabolism 64 0.0004  8 0.0010  2.4001  3 0.0037  9.3169  

GO:0003872 6-phosphofructokinase activity Carbohydrate 
metabolism 58 0.0004  7 0.0008  2.3174  0 0.0000  0.0000  

GO:0050661 NADP or NADPH binding Carbohydrate 
metabolism 449 0.0028  51 0.0061  2.1810  1 0.0012  0.4427  

GO:0004743 pyruvate kinase activity Carbohydrate 
metabolism 72 0.0004  8 0.0010  2.1335  0 0.0000  0.0000  

a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 
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Table 4. The 181 essential GO molecular functions (MF) terms (Continued) 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 
total 8,364 proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0004614 phosphoglucomutase activity 
Carbohydrate 
metabolism 

36 0.0002  4 0.0005  2.1335  0 0.0000  0.0000  

GO:0000104 succinate dehydrogenase activity 
Carbohydrate 
metabolism 

55 0.0003  6 0.0007  2.0947  2 0.0025  7.2276  

GO:0004591 oxoglutarate dehydrogenase (succinyl-transferring) activity 
Carbohydrate 
metabolism 

47 0.0003  5 0.0006  2.0427  0 0.0000  0.0000  

GO:0003989 acetyl-CoA carboxylase activity lipid metabolism 81 0.0005  39 0.0047  9.2450  0 0.0000  0.0000  

GO:0004314 [acyl-carrier-protein] S-malonyltransferase activity lipid metabolism 30 0.0002  12 0.0014  7.6804  0 0.0000  0.0000  

GO:0004315 3-oxoacyl-[acyl-carrier-protein] synthase activity lipid metabolism 47 0.0003  16 0.0019  6.5365  0 0.0000  0.0000  

GO:0004316 3-oxoacyl-[acyl-carrier-protein] reductase activity lipid metabolism 45 0.0003  14 0.0017  5.9737  0 0.0000  0.0000  

GO:0004659 prenyltransferase activity lipid metabolism 42 0.0003  10 0.0012  4.5717  0 0.0000  0.0000  

GO:0004077 biotin-[acetyl-CoA-carboxylase] ligase activity lipid metabolism 32 0.0002  7 0.0008  4.2002  0 0.0000  0.0000  

GO:0004609 phosphatidylserine decarboxylase activity lipid metabolism 41 0.0003  8 0.0010  3.7466  0 0.0000  0.0000  

GO:0003841 1-acylglycerol-3-phosphate O-acyltransferase activity lipid metabolism 58 0.0004  11 0.0013  3.6416  0 0.0000  0.0000  

GO:0004366 glycerol-3-phosphate O-acyltransferase activity lipid metabolism 41 0.0003  6 0.0007  2.8099  0 0.0000  0.0000  

GO:0000030 mannosyltransferase activity lipid metabolism 37 0.0002  5 0.0006  2.5947  0 0.0000  0.0000  

GO:0004144 diacylglycerol O-acyltransferase activity lipid metabolism 30 0.0002  4 0.0005  2.5601  0 0.0000  0.0000  

GO:0016763 transferase activity, transferring pentosyl groups lipid metabolism 56 0.0003  7 0.0008  2.4001  0 0.0000  0.0000  

GO:0003985 acetyl-CoA C-acetyltransferase activity lipid metabolism 32 0.0002  4 0.0005  2.4001  0 0.0000  0.0000  

GO:0005546 phosphatidylinositol-4,5-bisphosphate binding lipid metabolism 45 0.0003  5 0.0006  2.1335  0 0.0000  0.0000  

GO:0003918 DNA topoisomerase (ATP-hydrolyzing) activity Transcription 122 0.0008  55 0.0066  8.6562  1 0.0012  1.6292  
a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 
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Table 4. The 181 essential GO molecular functions (MF) terms (Continued) 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 

total 8,364 
proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0016251 general RNA polymerase II transcription factor activity Transcription 103 0.0006  35 0.0042  6.5246  4 0.0050  7.7188  

GO:0003715 transcription termination factor activity Transcription 37 0.0002  11 0.0013  5.7084  0 0.0000  0.0000  

GO:0032549 ribonucleoside binding Transcription 69 0.0004  20 0.0024  5.5655  1 0.0012  2.8806  

GO:0016987 sigma factor activity Transcription 136 0.0008  29 0.0035  4.0944  0 0.0000  0.0000  

GO:0003711 transcription elongation regulator activity Transcription 105 0.0007  20 0.0024  3.6574  2 0.0025  3.7859  

GO:0003899 DNA-directed RNA polymerase activity Transcription 473 0.0029  80 0.0096  3.2475  7 0.0087  2.9415  

GO:0003729 mRNA binding Transcription 162 0.0010  23 0.0027  2.7261  4 0.0050  4.9077  

GO:0070491 repressing transcription factor binding Transcription 30 0.0002  4 0.0005  2.5601  2 0.0025  13.2507  

GO:0003705 
sequence-specific enhancer binding RNA polymerase II 
transcription factor activity 

Transcription 151 0.0009  19 0.0023  2.4160  0 0.0000  0.0000  

GO:0016944 RNA polymerase II transcription elongation factor activity Transcription 33 0.0002  4 0.0005  2.3274  1 0.0012  6.0230  

GO:0046965 retinoid X receptor binding Transcription 33 0.0002  4 0.0005  2.3274  0 0.0000  0.0000  

GO:0004004 ATP-dependent RNA helicase activity Purine metabolism 61 0.0004  16 0.0019  5.0364  10 0.0124  32.5836  

GO:0003922 GMP synthase (glutamine-hydrolyzing) activity Purine metabolism 30 0.0002  7 0.0008  4.4803  0 0.0000  0.0000  

GO:0004385 guanylate kinase activity Purine metabolism 63 0.0004  14 0.0017  4.2669  0 0.0000  0.0000  

GO:0003999 adenine phosphoribosyltransferase activity Purine metabolism 33 0.0002  6 0.0007  3.4911  0 0.0000  0.0000  

GO:0004017 adenylate kinase activity Purine metabolism 89 0.0006  16 0.0019  3.4519  0 0.0000  0.0000  

GO:0004639 
phosphoribosylaminoimidazolesuccinocarboxamide synthase 
activity 

Purine metabolism 30 0.0002  5 0.0006  3.2002  0 0.0000  0.0000  

GO:0004749 ribose phosphate diphosphokinase activity Purine metabolism 78 0.0005  13 0.0016  3.2002  0 0.0000  0.0000  

GO:0003938 IMP dehydrogenase activity Purine metabolism 46 0.0003  7 0.0008  2.9219  0 0.0000  0.0000  
a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 
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Table 4. The 181 essential GO molecular functions (MF) terms (Continued) 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 
total 8,364 proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0004422 hypoxanthine phosphoribosyltransferase activity Purine metabolism 33 0.0002  5 0.0006  2.9093  0 0.0000  0.0000  

GO:0016887 ATPase activity Purine metabolism 1174 0.0073  134 0.0160  2.1916  18 0.0223  3.0474  

GO:0017111 nucleoside-triphosphatase activity Purine metabolism 952 0.0059  104 0.0124  2.0976  16 0.0198  3.3405  

GO:0004781 sulfate adenylyltransferase (ATP) activity Purine metabolism 38 0.0002  4 0.0005  2.0212  0 0.0000  0.0000  

GO:0003688 DNA replication origin binding DNA replication 58 0.0004  35 0.0042  11.5869  5 0.0062  17.1345  

GO:0004127 cytidylate kinase activity DNA replication 30 0.0002  13 0.0016  8.3205  0 0.0000  0.0000  

GO:0004605 phosphatidate cytidylyltransferase activity DNA replication 46 0.0003  15 0.0018  6.2612  0 0.0000  0.0000  

GO:0003896 DNA primase activity DNA replication 59 0.0004  17 0.0020  5.5325  2 0.0025  6.7376  

GO:0009378 four-way junction helicase activity DNA replication 45 0.0003  10 0.0012  4.2669  2 0.0025  8.8338  

GO:0003678 DNA helicase activity DNA replication 89 0.0006  18 0.0022  3.8834  3 0.0037  6.6998  

GO:0003887 DNA-directed DNA polymerase activity DNA replication 518 0.0032  102 0.0122  3.7809  5 0.0062  1.9185  

GO:0003917 DNA topoisomerase type I activity DNA replication 83 0.0005  14 0.0017  3.2387  1 0.0012  2.3947  

GO:0003689 DNA clamp loader activity DNA replication 47 0.0003  6 0.0007  2.4512  9 0.0111  38.0604  

GO:0003697 single-stranded DNA binding DNA replication 271 0.0017  33 0.0039  2.3381  10 0.0124  7.3343  

GO:0043140 ATP-dependent 3'-5' DNA helicase activity DNA replication 35 0.0002  4 0.0005  2.1944  3 0.0037  17.0366  

GO:0004003 ATP-dependent DNA helicase activity DNA replication 219 0.0014  23 0.0027  2.0166  7 0.0087  6.3531  

GO:0031071 cysteine desulfurase activity 
Amino acid 
metabolism 

39 0.0002  14 0.0017  6.8927  0 0.0000  0.0000  

GO:0004478 methionine adenosyltransferase activity 
Amino acid 
metabolism 

51 0.0003  14 0.0017  5.2709  0 0.0000  0.0000  

a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 
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Table 4. The 181 essential GO molecular functions (MF) terms (Continued) 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 
total 8,364 proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0004764 shikimate 5-dehydrogenase activity 
Amino acid 
metabolism 

45 0.0003  12 0.0014  5.1203  0 0.0000  0.0000  

GO:0004834 tryptophan synthase activity 
Amino acid 
metabolism 

39 0.0002  9 0.0011  4.4310  0 0.0000  0.0000  

GO:0004360 
glutamine-fructose-6-phosphate transaminase (isomerizing) 
activity 

Amino acid 
metabolism 

35 0.0002  8 0.0010  4.3888  0 0.0000  0.0000  

GO:0003886 DNA (cytosine-5-)-methyltransferase activity 
Amino acid 
metabolism 

36 0.0002  6 0.0007  3.2002  2 0.0025  11.0422  

GO:0004372 glycine hydroxymethyltransferase activity 
Amino acid 
metabolism 

61 0.0004  10 0.0012  3.1477  0 0.0000  0.0000  

GO:0003861 3-isopropylmalate dehydratase activity 
Amino acid 
metabolism 

34 0.0002  5 0.0006  2.8237  0 0.0000  0.0000  

GO:0004072 aspartate kinase activity 
Amino acid 
metabolism 

37 0.0002  5 0.0006  2.5947  0 0.0000  0.0000  

GO:0004765 shikimate kinase activity 
Amino acid 
metabolism 

52 0.0003  7 0.0008  2.5848  0 0.0000  0.0000  

GO:0004349 glutamate 5-kinase activity 
Amino acid 
metabolism 

30 0.0002  4 0.0005  2.5601  0 0.0000  0.0000  

GO:0004049 anthranilate synthase activity 
Amino acid 
metabolism 

53 0.0003  6 0.0007  2.1737  0 0.0000  0.0000  

GO:0008408 3'-5' exonuclease activity RNA degradation 175 0.0011  48 0.0057  5.2666  4 0.0050  4.5431  

GO:0000175 3'-5'-exoribonuclease activity RNA degradation 108 0.0007  15 0.0018  2.6668  6 0.0074  11.0422  

GO:0004540 ribonuclease activity RNA degradation 128 0.0008  17 0.0020  2.5501  0 0.0000  0.0000  

GO:0004525 ribonuclease III activity RNA degradation 70 0.0004  9 0.0011  2.4687  1 0.0012  2.8394  

GO:0008409 5'-3' exonuclease activity RNA degradation 67 0.0004  8 0.0010  2.2927  2 0.0025  5.9331  

GO:0004518 nuclease activity RNA degradation 177 0.0011  20 0.0024  2.1696  1 0.0012  1.1229  

GO:0005109 frizzled binding Cell cycle 40 0.0002  7 0.0008  3.3602  0 0.0000  0.0000  
a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 
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Table 4. The 181 essential GO molecular functions (MF) terms (Continued) 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 

total 8,364 
proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0004861 cyclin-dependent protein kinase inhibitor activity Cell cycle 50 0.0003  7 0.0008  2.6882  1 0.0012  3.9752  

GO:0017147 Wnt-protein binding Cell cycle 70 0.0004  9 0.0011  2.4687  0 0.0000  0.0000  

GO:0003682 chromatin binding Cell cycle 710 0.0044  83 0.0099  2.2446  34 0.0421  9.5181  

GO:0001619 lysosphingolipid and lysophosphatidic acid receptor activity Cell cycle 47 0.0003  5 0.0006  2.0427  0 0.0000  0.0000  

GO:0005021 vascular endothelial growth factor receptor activity Cell cycle 38 0.0002  4 0.0005  2.0212  0 0.0000  0.0000  

GO:0004427 inorganic diphosphatase activity 
Oxidative 
phosphorylation 

65 0.0004  14 0.0017  4.1356  0 0.0000  0.0000  

GO:0051538 3 iron, 4 sulfur cluster binding 
Oxidative 
phosphorylation 

43 0.0003  8 0.0010  3.5723  3 0.0037  13.8670  

GO:0046933 
hydrogen ion transporting ATP synthase activity, rotational 
mechanism 

Oxidative 
phosphorylation 

280 0.0017  48 0.0057  3.2916  5 0.0062  3.5493  

GO:0046961 proton-transporting ATPase activity, rotational mechanism 
Oxidative 
phosphorylation 

285 0.0018  42 0.0050  2.8296  5 0.0062  3.4870  

GO:0008553 
hydrogen-exporting ATPase activity, phosphorylative 
mechanism 

Oxidative 
phosphorylation 

86 0.0005  9 0.0011  2.0094  1 0.0012  2.3112  

GO:0004798 thymidylate kinase activity 
Pyrimidine 
metabolism 

33 0.0002  12 0.0014  6.9822  0 0.0000  0.0000  

GO:0004799 thymidylate synthase activity 
Pyrimidine 
metabolism 

33 0.0002  12 0.0014  6.9822  0 0.0000  0.0000  

GO:0004791 thioredoxin-disulfide reductase activity 
Pyrimidine 
metabolism 

49 0.0003  9 0.0011  3.5267  0 0.0000  0.0000  

GO:0030515 snoRNA binding Others 49 0.0003  19 0.0023  7.4453  0 0.0000  0.0000  

GO:0042586 peptide deformylase activity Others 31 0.0002  12 0.0014  7.4327  0 0.0000  0.0000  

GO:0004146 dihydrofolate reductase activity Others 34 0.0002  12 0.0014  6.7769  0 0.0000  0.0000  

GO:0004746 riboflavin synthase activity Others 32 0.0002  11 0.0013  6.6004  0 0.0000  0.0000  

GO:0004748 ribonucleoside-diphosphate reductase activity Others 89 0.0006  29 0.0035  6.2565  0 0.0000  0.0000  
a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 
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Table 4. The 181 essential GO molecular functions (MF) terms (Continued) 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 
total 8,364 proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0004140 dephospho-CoA kinase activity Others 35 0.0002  11 0.0013  6.0346  0 0.0000  0.0000  

GO:0008897 holo-[acyl-carrier-protein] synthase activity Others 47 0.0003  14 0.0017  5.7195  0 0.0000  0.0000  

GO:0000774 adenyl-nucleotide exchange factor activity Others 42 0.0003  12 0.0014  5.4860  0 0.0000  0.0000  

GO:0015450 
P-P-bond-hydrolysis-driven protein transmembrane transporter 
activity 

Others 189 0.0012  50 0.0060  5.0797  1 0.0012  1.0516  

GO:0016836 hydro-lyase activity Others 40 0.0002  10 0.0012  4.8003  0 0.0000  0.0000  

GO:0016783 sulfurtransferase activity Others 33 0.0002  8 0.0010  4.6548  0 0.0000  0.0000  

GO:0004594 pantothenate kinase activity Others 48 0.0003  11 0.0013  4.4003  0 0.0000  0.0000  

GO:0016624 
oxidoreductase activity, acting on the aldehyde or oxo group of 
donors, disulfide as acceptor 

Others 40 0.0002  9 0.0011  4.3202  0 0.0000  0.0000  

GO:0008312 7S RNA binding Others 76 0.0005  17 0.0020  4.2950  1 0.0012  2.6153  

GO:0008658 penicillin binding Others 86 0.0005  18 0.0022  4.0188  0 0.0000  0.0000  

GO:0009374 biotin binding Others 109 0.0007  22 0.0026  3.8755  0 0.0000  0.0000  

GO:0016709 

oxidoreductase activity, acting on paired donors, with 
incorporation or reduction of molecular oxygen, NADH or 
NADPH as one donor, and incorporation of one atom of 
oxygen 

Others 50 0.0003  9 0.0011  3.4562  0 0.0000  0.0000  

GO:0046914 transition metal ion binding Others 106 0.0007  19 0.0023  3.4417  0 0.0000  0.0000  

GO:0003951 NAD+ kinase activity Others 67 0.0004  12 0.0014  3.4390  0 0.0000  0.0000  

GO:0016820 
hydrolase activity, acting on acid anhydrides, catalyzing 
transmembrane movement of substances 

Others 74 0.0005  13 0.0016  3.3732  0 0.0000  0.0000  

GO:0051087 chaperone binding Others 137 0.0009  24 0.0029  3.3637  3 0.0037  4.3524  

GO:0016884 
carbon-nitrogen ligase activity, with glutamine as 
amido-N-donor 

Others 109 0.0007  19 0.0023  3.3470  0 0.0000  0.0000  

a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 
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Table 4. The 181 essential GO molecular functions (MF) terms (Continued) 

GO ID GO term Classification 
Number of 

proteins 
(CG27 a) 

Occur Ratio b 
(CG27; total 

160,598 
proteins) 

Number 
of 

essential 
proteins 

Occur Ratio 
(essential proteins; 
total 8,364 proteins) 

Unique 
ratio c 

(essential 
proteins) 

Number of 
proteins of 
templates 
(IES ≥ 8) d 

Occur Ratio 
(IES ≥ 8; total 
808 proteins) 

Unique ratio 
(IES ≥ 8) 

GO:0004716 receptor signaling protein tyrosine kinase activity Others 31 0.0002  5 0.0006  3.0970  2 0.0025  12.8232  

GO:0009381 excinuclease ABC activity Others 50 0.0003  8 0.0010  3.0722  0 0.0000  0.0000  

GO:0046332 SMAD binding Others 45 0.0003  7 0.0008  2.9868  1 0.0012  4.4169  

GO:0050136 NADH dehydrogenase (quinone) activity Others 33 0.0002  5 0.0006  2.9093  0 0.0000  0.0000  

GO:0005200 structural constituent of cytoskeleton Others 210 0.0013  31 0.0037  2.8344  7 0.0087  6.6253  

GO:0017056 structural constituent of nuclear pore Others 37 0.0002  5 0.0006  2.5947  0 0.0000  0.0000  

GO:0015087 cobalt ion transmembrane transporter activity Others 45 0.0003  6 0.0007  2.5601  0 0.0000  0.0000  

GO:0004326 tetrahydrofolylpolyglutamate synthase activity Others 53 0.0003  7 0.0008  2.5360  0 0.0000  0.0000  

GO:0004516 nicotinate phosphoribosyltransferase activity Others 31 0.0002  4 0.0005  2.4776  0 0.0000  0.0000  

GO:0008047 enzyme activator activity Others 103 0.0006  13 0.0016  2.4234  1 0.0012  1.9297  

GO:0004514 nicotinate-nucleotide diphosphorylase (carboxylating) activity Others 66 0.0004  8 0.0010  2.3274  0 0.0000  0.0000  

GO:0005112 Notch binding Others 33 0.0002  4 0.0005  2.3274  2 0.0025  12.0461  

GO:0031177 phosphopantetheine binding Others 111 0.0007  13 0.0016  2.2488  0 0.0000  0.0000  

GO:0000287 magnesium ion binding Others 1506 0.0094  176 0.0210  2.2440  6 0.0074  0.7919  

GO:0017127 cholesterol transporter activity Others 35 0.0002  4 0.0005  2.1944  0 0.0000  0.0000  

GO:0030955 potassium ion binding Others 89 0.0006  10 0.0012  2.1574  0 0.0000  0.0000  

GO:0004109 coproporphyrinogen oxidase activity Others 45 0.0003  5 0.0006  2.1335  0 0.0000  0.0000  

GO:0042802 identical protein binding Others 1235 0.0077  132 0.0158  2.0523  27 0.0334  4.3454  

GO:0000036 acyl carrier activity Others 188 0.0012  20 0.0024  2.0427  0 0.0000  0.0000  

GO:0005099 Ras GTPase activator activity Others 38 0.0002  4 0.0005  2.0212  0 0.0000  0.0000  
a The CG27 set (160,598 proteins annotated ≥ 1 GO MF terms) consists of 25 species in DEG and 2 species in module template set. 
b The occur ratio of a GO MF term is defined as the number of proteins annotated this terms divided by the total number of proteins in the set. 
c The unique ratio of a GO MF term is defined as the occur ratio of a GO MF term divided by the occur ratio in 27 species genome set. 
d The core components of module templates represent the core components in module families with PPI evolution score ≥ 8 and at least one GO MF term annotation in GO database. 
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Table 5. Validation of unannotated protein in core components by the orthology database (PORC) and 

essential GO MF terms 

Sets 
(Interface 

evolution score) 

Number of total 
proteins in core 

components 

Number of 
unannotated proteins 
in core components 

Validated by 
orthologs 
(PORC) a 

Validated by 181 
essential GO MF 

terms b 

Validated by 
Children of 181 

essential GO 
MF terms c 

Total 

≥ 9 146 33 12 10 18 24 (73%) 

≥ 8 850 400 76 101 116 198 (50%) 
a The number of proteins which have at least a orthologous protein, recorded as the essential protein in DEG, of PORC orthology database [15]  
b The number of proteins which have at least an essential GO MF terms. 
c The number of proteins which have at least an child of 181 essential GO MF terms. 
. 
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Table 6. The proteins of core components in templates with interface evolution score ≥ 9. 

Uniprot 
AC 

Module 
family ID a 

Interface 
evolution 

score 

Orthologs 
(PORC) are 
recorded in 

DEG b 

DEG ID c 
Sequence similarity d Essential 

GO MF ID 
Essential GO 

MF terms 

Children of 
essential GO 
MF terms e E-value Sequence Identity 

Q8K2B3 10090_440 10 
A0Q8D0 DEG10120353 1e-171 0.520 

- - GO:0008177 
Q02K68 DEG10150207 1e-167 0.520 

O75489 
9606_2884 
9606_2898 
9606_2905 

10 
10 

9.61 

O01602 DEG20020046 3e-79 0.627 
- - GO:0008137 

A0Q8H0 DEG10120379 1e-33 0.590 

O75306 
9606_2905 
9606_2948 
9606_2898 

10 
10 
10 

A0Q8G9 DEG10120378 1e-141 0.567 - - GO:0008137 

Q9CQA3 10090_440 10 
Q6F8L0 DEG10130346 4e-71 0.567 

GO:0051538 
3 iron, 4 sulfur 
cluster binding 

GO:0008177 
Q02K69 DEG10150206 1e-70 0.560 

Q3T189 9913_446 10 
Q6F8L0 DEG10130346 1e-71 0.569 

GO:0051538 
3 iron, 4 sulfur 
cluster binding 

GO:0008177 
Q02K69 DEG10150206 5e-71 0.552 

P52701 
9606_286 
9606_434 
9606_2226 

10 
10 
10 

- - - - - - GO:0008094 

P00125 9913_403 10 - - - - - - GO:0020037 

Q9D0M3 10090_495 10 - - - - - - GO:0020037 

P19404 
9606_2905 
9606_2948 

10 
10 

- - - - - - GO:0008137 

Q12873 9606_614 10 - - - - 

GO:0003682 
Chromatin 
binding 

GO:0008270 

GO:0004003 
ATP-dependent 
DNA helicase 
activity 

GO:0004003 

a The module family ID is combination of taxonomy ID and CORUM ID. 
b The orthologs recorded in PORC database of the core protein are essential proteins in DEG database. 
c The essential protein ID in DEG. Each ID represented the orthologs of core components regarded as the essential proteins. For example, the DEG ID of Q8K2B3 (Uniprot AC) is DEG10120353. 
d The sequence similarity (BLASTP E-value and sequence identity) of orthologs using the protein of core components as the query. 
e The GO MF term that is the children of essential GO MF terms could be considered as the essential GO MF terms. 
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Table 6. The proteins of core components in templates with interface evolution score ≥ 9. (Continued) 

Uniprot 
AC 

Module 
family ID a 

Interface 
evolution 

score 

Orthologs 
(PORC) are 
recorded in 

DEG b 

DEG ID c 
Sequence similarity d Essential 

GO MF 
term ID 

Essential GO 
MF term name 

Children of 
essential GO 
MF terms e 

Essential GO 
MF ancestor 

term ID f E-value Sequence Identity 

Q14839 9606_614 10 - - - - 

GO:0003682 Chromatin binding GO:0008270 GO:0046914 

GO:0004003 
ATP-dependent 
DNA helicase 

activity 
GO:0004003 GO:0017111 

Q92900 9606_784 10 - - - - 

GO:0003682 Chromatin binding GO:0008270 GO:0046914 

GO:0004003 
ATP-dependent 
DNA helicase 

activity 
GO:0004003 GO:0017111 

Q15477 9606_1168 10 - - - - GO:0004004 
ATP-dependent 
RNA helicase 

activity 
GO:0004004 GO:0017111 

P06882 10116_5497 10 - - - - GO:0051087 chaperone binding - - 

Q2HJI1 9913_446 10 - - - - - - - - 

Q6PGP7 9606_1168 10 - - - - - - - - 

P25686 9606_2129 10 - - - - - - - - 

Q14164 9606_5269 10 - - - - - - - - 

P49821 9606_2948 9.96 A0Q8G7 DEG10120376 1e-115 0.509 - - GO:0008137 GO:0050136 

P04406 9606_280 9.96 Q6F9D5 DEG10130309; 8e-50 0.376 GO:0004365 

glyceraldehyde-3-
phosphate 

dehydrogenase 
(phosphorylating) 

activity 

- - 

P24369 
10090_413 
10090_414 

9.96 
9.92 

- - - - - - - - 

P08107 9606_1308 9.96 - - - - - - - - 
a The module family ID is combination of taxonomy ID and CORUM ID. 
b The orthologs recorded in PORC database of the core protein are essential proteins in DEG database. 
c The essential protein ID in DEG. Each ID represented the orthologs of core components regarded as the essential proteins. For example, the DEG ID of Q8K2B3 (Uniprot AC) is DEG10120353. 
d The sequence similarity (BLASTP E-value and sequence identity) of orthologs using the protein of core components as the query. 
e The GO MF term that is the children of essential GO MF terms could be considered as the essential GO MF terms. 
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Table 6. The proteins of core components in templates with interface evolution score ≥ 9. (Continued) 

Uniprot 
AC 

Module 
family ID a 

Interface 
evolution 

score 

Orthologs 
(PORC) are 
recorded in 

DEG b 

DEG ID c 
Sequence similarity d Essential 

GO MF 
term ID 

Essential GO 
MF term name 

Children of 
essential GO 
MF terms e 

Essential GO 
MF ancestor 

term ID f E-value Sequence Identity 

P08113 
10090_414 
10090_413 

9.93 
9.9 

- - - - - - - - 

P11142 9606_1308 9.92 

P44669 DEG10050129 1e-112 0.428 

- - GO:0042623 GO:0017111 
P0A6Z1 DEG10180385 1e-105 0.408 
P0A6Z1 DEG10040390 1e-105 0.408 
Q6FCE6 DEG10130207 1e-102 0.410 

P00157 9913_403 9.92 O26064 DEG10080311 8e-61 0.365 - - - - 

P00158 10090_495 9.92 O26064 DEG10080311 3e-61 0.383 - - - - 

Q8WVB6 
9606_2804 
9606_3070 

9.72 
9.2 

- - - - GO:0017111 
nucleoside- 

triphosphatase 
activity 

- - 

P11507 10116_1442 9.67 Q8R429 DEG20050999 0.0 0.842 - - 
GO:0005388 GO:0016820 
GO:0005388 GO:0017111 

P97582 10116_1442 9.67 - - - - GO:0005200 
structural 

constituent of 
cytoskeleton 

- - 

P34932 9606_3135 9.67 - - - - - - - - 

O75251 
9606_2905 
9606_2948 

9.5 
9.46 

- - - - - - GO:0008137 GO:0050136 

Q04724 9606_3135 9.33 - - - - - - - - 

P03886 9606_2905 9.11 A0Q8G5 DEG10120374 4e-71 0.443 - - GO:0008137 GO:0050136 
a The module family ID is combination of taxonomy ID and CORUM ID. 
b The orthologs recorded in PORC database of the core protein are essential proteins in DEG database. 
c The essential protein ID in DEG. Each ID represented the orthologs of core components regarded as the essential proteins. For example, the DEG ID of Q8K2B3 (Uniprot AC) is DEG10120353. 
d The sequence similarity (BLASTP E-value and sequence identity) of orthologs using the protein of core components as the query. 
e The GO MF term that is the children of essential GO MF terms could be considered as the essential GO MF terms. 
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Figures 

 
Figure 1. Assembling and cooperating between molecules in time and space scale are essential for 

transcription. 

RNA polymerase II module of Homo sapiens in protein-protein interaction (PPI) network transcribes DNA 

sequences into pre-mRNAs by assembling the transcription factors. The protein and PPI annotations (e.g. 

POLR2A and POLR2B) provide clues for understanding the mechanism and the annotations of other unknown 

proteins of RNA polymerase II module. 
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Figure 2. Module performs in a certain kind of process and relatively autonomous with respect to other 

parts of the protein-protein interaction network. 

The module is a group of proteins that are highly connected and perform a certain kind of biological functions, 

such as RNA polymerase II and F-type ATPase. Protein-protein interactions between different modules could 

observe module-module interactions and cooperation of modules in biological system. 
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Figure 3. Thesis framework 

The thesis is divided into three parts: 1) definition of homologous modules (a module family); 2) characteristics 

of modules and homologous modules; 3) analysis core components of module family. 

  

Definition of 
homologous modules

Characteristics of 
modules and 

homologous modules

Core components of 
module family

1. Preparation of module templates
and adding intra-module PPIs

MIPS CORUM database [20]
PPI data set  [12, 21-26]
(Experimental and predicted homologous PPIs)

2. Searching complete genomic database  
through internal module PPIs of module 
templates

Complete genomic database (Integr8 [15])
3. Identifying homologous module with criteria
a. Protein similarity [18, 19]
b. PPI similarity [12]
c. Topology similarity

KEGG MODULE database

1. High connectivity
Extended module data set

2. Performing a certain kind  of biological 
function

Random data set

1. Orthologous proteins of an essential protein
PORC ortholog database
EP8364 set from essential gene database [16]
CG27 set from integr8 database

2. Function annotations of essential proteins
The 181 essential GO molecular function  terms
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Figure 4. Overview of identifying homologous modules through protein-protein interaction (PPI) families 

using F1-ATPase synthase-IF1 of B. taurus as the module template. 

(A) The main procedure. (B) Adding internal PPIs of a template module using experimental PPIs and predicted 

homologous PPIs. (C) The PPI families of protein pairs A-D, B-C, and C-D of the template searching on Integr8 

database. (D) Homologous modules of F1-ATP synthase. (E) The homologous module profile of F1-ATP 

synthase-IF1 using the organisms commonly used in molecular research projects and the core components of this 

module. 



 

47 

 

 

 

Figure 5. Evaluations of the topology similarity 

(A) The distribution between protein aligned ratios and the fraction of 75,706 KEGG organism-specific modules. 

(B) The distribution between PPI aligned ratios and the fraction of 23,092 KEGG modules added intra-module 

interactions using three PPI databases. 
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Figure 6. Characteristics of modules and homologous modules. 

The connectivity distributions between (A) 1,625 module templates and (B) 53,529 homologous modules and 

their extended modules, respectively. The extended module is a sub-network including one-layer extending PPIs 

and proteins of each protein in the original module. The average RSS score distributions of GO Biological 

Process between (C) 1,625 module templates and (D) 53,529 homologous modules and their extended modules, 

respectively.  The connectivity values and average RSS scores of modules (red) are much higher than ones of 

extended modules (black). The average RSS score distributions of GO CC between (E) 1,625 module templates 

and (F) 53,529 homologous modules and their extended modules, respectively. 
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Figure 7. The distribution between the fraction of modules and average RSS scores of GO Biological 

Process (BP) and Cellular Components (CC). 

The average RSS score distributions of GO BP between (A) 1,625 module templates and (B) 53,529 homologous 

modules and 81,250 random modules, respectively. The average RSS score distributions of GO CC between (C) 

module templates and (D) homologous modules and random modules, respectively. 
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Figure 8. Evaluations the PPI evolution scores using 1,578 module templates.  

(A) The distributions between PPI evolution scores and the numbers of unannotated (red) and mapped essential 

proteins (≥ 1species) (black). (B) The relationship between accuracies and PPI evolution scores. The PPI 

evolution scores of 81% mapped essential proteins are more than 0.6. (C) The distributions between PPI 

evolution scores and the percentages of 3,740 (≥ 1 species, black) and 962 (≥ 2 species, blue) mapped essential 

proteins. 
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Figure 9. GO molecular function (MF) terms of essential proteins and core components. 

(A) The 12 groups of 181 essential GO MF terms derived from 8,364 essential proteins based on the KEGG 

pathways and the GO database. (B) The percentages of GO MF groups in 3,441 essential proteins (blue) and 246 

proteins of core components (red). (C) The occur ratios of essential GO MF terms related with translation and 

cell cycle for the essential proteins and proteins of core components (interface evolution score ≥ 8). 
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Figure 10. The occur ratios of 181 essential GO MF terms between the essential proteins and proteins of core components with interface evolution score ≥ 8.  
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Figure 10. The occur ratios of 181 essential GO MF terms between the essential proteins and proteins of core components with interface evolution score ≥ 

8.(Continued) 
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Figure 11. The nucleosome remodeling and deacetylase (NuRD) module (CORUM ID: 614) family and the 

core components. 

(A) The NuRD templates and its module family (B) The NuRD module family profile of 19 PPI families. (C) 

The eight PPIs and five proteins of core components with the PPI evolution score ≥ 8 in the module family. (D) 

The GO molecular function (MF) terms of genes CHD3 and CHD4. 



 

55 

 

 

Figure 12. The BRG1-based SEI/SNF chromatin remodeling module (CORUM ID: 2852) family and the 

core components.  

(A) The BRG1-based SEI/SNF chromatin remodeling templates and its module family. The SMARCB1 is a 

mapped essential protein which is a homologous protein of both essential proteins Cc (D. melanogaster) and Cs 

(S. cerevisiae) recorded in DEG. (B) The BRG1-based SEI/SNF chromatin remodeling module family profile of 

6 PPI families. (C) The five PPIs and four proteins of core components with PPIES and IES ≥ 8 in the module 

family, respectively. (D) The GO molecular function (MF) terms of proteins SMARCC2. 
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Figure 13. Overview of identifying module family for homologous modules search using proteins RPB1, 

RPB2, and RPB8 of RNA polymerase II module (PDB code 3fki) in Saccharomyces cerevisiae as the 

module template.  

(A) The module template of RNA polymerase II and the atomic binding model with hydrogen bonds (green dash 

lines) for interfaces of the template. (B) The homologous PPI families of interfaces A-B and A-H of the template 

searching on Integr8 database. Dark blue dash box: interacting domains of RPB2 in interface A-B; red dash box: 

interacting domains of RPB1 in interface A-B; brown dash box: interacting domains of RPB1 in interface A-H; 

dark green dash box: interacting domains of RPB8 in interface A-H. 
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Figure 14. Molecular interfaces change analysis through binding models and multiple sequence 

alignments of module family of RNA polymerase II. 

  



 

58 

 

 

Figure 15. The mechanisms of intra-module and inter-module (RNA polymerase II- MLL complex) 

interactions between Homo sapiens and Saccharomyces cerevisiae. 
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