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a b s t r a c t 

The functional linkage network (FLN) construction is a primary and important step in drug discovery 

and disease gene prioritization methods. In order to construct FLN, several methods have been intro- 

duced based on integration of various biological data. Although, there are impressive ideas behind these 

methods, they suffer from low quality of the biological data. In this paper, a hierarchical sequence-based 

approach is proposed to construct FLN. The proposed approach, denoted as S-FLN (Sequence-based Func- 

tional Linkage Network), uses the sequence of proteins as the primary data in three main steps. Firstly, 

the physicochemical properties of amino-acids are employed to describe the functionality of proteins. As 

the sequence of proteins is a more comprehensive and accurate primary data, more reliable relations 

are achieved. Secondly, seven different descriptor methods are used to extract feature vectors from the 

proteins sequences. Advantage of different descriptor methods lead to obtain diverse ensemble learners 

in the next step. Finally, a two-layer ensemble learning structure is proposed to calculated the score of 

protein pairs. The proposed approach has been evaluated using two biological datasets, S.Cerevisiae and 

H.Pylori , and resulted in 93.9% and 91.15% precision rates, respectively. The results of various experiments 

indicate the efficiency and validity of the proposed approach. 

© 2017 Elsevier Ltd. All rights reserved. 

1. Introduction 

Recent researches show that perturbations of cellular systems 

are the main cause of human diseases, especially in molecular net- 

works ( Barabási et al., 2011; Goh et al., 2007 ). Meanwhile, the as- 

sociated genes to the same or similar diseases commonly reside in 

the same neighborhoods of molecular networks ( Goh et al., 2007 ). 

These observations have been found as the basis of many computa- 

tional methods to associate the unknown genes to certain diseases, 

Considering that the machine learning methods play an important 

role in system biology approaches ( Hedberg, 20 06; Kell, 20 06 ). The 

majority of these methods are based on functional linkage net- 

works (FLNs) ( Wang et al., 2011 ). FLNs are well-defined data struc- 

tures which are used to identify disease-related genes. They are ex- 

tendable to investigate gene cooperation in complex diseases and 

drug discovery ( Apolloni et al., 2011 ). Moreover, FLNs can be used 

to assign function classes to unknown genes or proteins, which 

has been known as a fundamental task in biological researches 

( Apolloni et al., 2011; Manimaran et al., 2009 ). 
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An FLN is defined as a graph in which the nodes represent 

genes or corresponding proteins and the edges denote functional 

associations between them. In other words, two proteins are con- 

nected in an FLN if some experimental or computational methods 

indicate that they share the same functionality. In this regard, the 

process of identifying functional relationships among the proteins 

is called FLN construction. Fig. 1 shows an overview of the FLN 

construction process. 

Many computational methods have been proposed in the lit- 

erature to predict the links between the proteins and construct 

the biological networks. Generally, they can be divided into two 

categories. In the first category, the main idea is to integrate dif- 

ferent data sources to construct the biological network. The data 

sources include Protein-Protein Interaction (PPI) network, gene fu- 

sion, gene neighborhoods, literature mining knowledge, Gene On- 

tology(GO), and other data ( Franke et al., 2006; Lei et al., 2012; 

Linghu et al., 2009; Wang et al., 2014; Wu et al., 2010; You et al., 

2010 ). In Franke et al. (2006) an FLN is constructed by integrat- 

ing various types of biological data. The authors employed PPI, mi- 

croarray co-expression, and GO and applied a Bayesian approach 

to predict gene pairs that participate in the same GO biological 

process. Similarly, in Köhler et al. (2008) multiple biological data 
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Fig. 1. Functional linkage network reconstruction: the Section 1 shows the gold standard (GS) network has been created by Gene Ontology. The Section 2 shows feature 

vector extraction step based-on amino acid sequences for positive-negative linkages of GS network. The Section 3 shows use of proposed method to approximate natural 

network based-on extracted features of protein pairs. 

sources by random walk algorithm was used for disease gene pri- 

oritization. 

In Linghu et al. (2008) , a six-dimension feature vector based 

on the six biological data sources has been proposed. Then, mul- 

tiple machine learning methods such as Support Vector Machine 

(SVM), Linear Discriminant Analysis(LDA), Naive Bayes, and Neu- 

ral Network are applied to construct a reliable FLN. A human FLN 

by integrating 16 biological data features from 6 model organ- 

isms has been constructed by Linghu et al. (2009) . Afterwards they 

use a Naive Bayes classifier to predict functional linkage between 

genes. Wang et al. (2014) built an FLN of mitochondrial proteins by 

integrating biological features such as genomic context, gene ex- 

pression profiles, metabolic pathways and PPI network. A recent 

and interesting survey on functional linkage network construction 

methods is provided in Linghu et al. (2013) . 

Although the results of these methods might be acceptable 

in non-biological networks, due to low quality of biological data 

sources they are faced with major challenges in the biological 

networks. The reason is that the employed feature vectors in- 

clude some missing values because most of the proteins are not 

appeared in different data sources. Missing values in integration 

based methods, causes a negative impact on the prediction accu- 

racy of the protein pairs. 

In the second category, a number of methods have been de- 

veloped to derive information directly from amino acid sequences 

( Guo et al., 2008; Mei and Zhu, 2014; Shen et al., 2007; Xia et al., 

2010b; You et al., 2013; 2014; Yousef and Charkari, 2013 ). These 

methods generally are divided into two classes: alignment-based 

and alignment-free methods. Although, the alignment-based meth- 

ods obtain high accuracy for some of sequences, their results are 

inaccurate on the inversion, translocation at substring level, and 

diverse sequences with the same functionally or unequal lengths 

( Borozan et al., 2015; Li et al., 2016; Otu and Sayood, 2003 ). 

In this regard, alignment-free methods have been proposed to 

overcome these issues ( Aguiar-Pulido et al., 2012; Agüero-Chapin 

et al., 2009; Dea-Ayuela et al., 2008; Munteanu et al., 2008a, 

2009; Perez-Bello et al., 2009; Vilar et al., 2009; Vinga, 2014 ). 

The alignment-free methods include two steps: (i) the protein se- 

quences are transformed into fixed-length feature vectors; (ii) The 

feature vectors are employed as training set in machine learn- 

ing algorithms ( Fernandez-Lozano et al., 2014; González-Díaz and 

Riera-Fernández, 2012; Munteanu et al., 2008b; Yao et al., 2014 ). 

A number of methods have been developed that use the se- 

quence information of proteins to predict links in biological net- 

works ( Shen et al., 2007; Xia et al., 2010b; Yang et al., 2010; Yousef 

and Charkari, 2013; Zhang et al., 2011 ). Some of these methods 

use physicochemical properties of amino acids to enrich extracted 

feature vectors ( Huang et al., 2016; Xia et al., 2010b; Yousef and 

Charkari, 2013 ). In Zhang et al. (2011) a computational approach 

based on compressed sensing theory is proposed to predict yeast 

PPI. They have used Auto Covariance (AC) method ( Guo et al., 

2008 ) and 7 physicochemical properties to extract the features. In 
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