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Abstract: High throughput biological experiments are expensive and time consuming. For the past
few years, many computational methods based on biological information have been proposed and
widely used to understand the biological background. However, the processing of biological
information data inevitably produces false positive and false negative data, such as the noise in the
Protein-Protein Interaction (PPI) networks and the noise generated by the integration of a variety of
biological information. How to solve these noise problems is the key role in essential protein
predictions. An Identifying Essential Proteins model based on non-negative Matrix Symmetric tri-
Factorization and multiple biological information (IEPMSF) is proposed in this paper, which utilizes
only the PPI network proteins common neighbor characters to develop a weighted network, and uses
the non-negative matrix symmetric tri-factorization method to find more potential interactions between
proteins in the network so as to optimize the weighted network. Then, using the subcellular location
and lineal homology information, the starting score of proteins is determined, and the random walk
algorithm with restart mode is applied to the optimized network to mark and rank each protein. We
tested the suggested forecasting model against current representative approaches using a public
database. Experiment shows high efficiency of new method in essential proteins identification. The
effectiveness of this method shows that it can dramatically solve the noise problems that existing in
the multi-source biological information itself and cased by integrating them.
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1. Introduction

Essential proteins are required for organism life, and their absence results in the loss of functional
modules of protein complexes, as well as the death of the organism [1]. Essential proteins identification
aids in the understanding of cell growth control mechanisms, the discovery of disease-causing genes
and possible therapeutic targets, and has crucial theoretical and practical implications for drug
development and disease therapy. In biological experiments, essential proteins are mainly identified
by gene culling, gene suppression, transposon mutation and other methods, which cost lot of time and
difficult unfortunately. Essential protein identification using computational approaches becomes
achievable as high-throughput data accumulates. This identification method means utilizing the
available data to find the key features that affect the importance of proteins and to determine if it is
important of biological functions based on these features. The most common measuring technique is
based on the topological properties of the PPI network to obtain network topology features, like Degree
Centrality (DC) [2], Information Centrality (IC) [3], Closeness Centrality (CC) [4] and Subgraph
Centrality (SC) [5], Betweenness Centrality (BC) [6], sum of Edge Clustering Coefficient Centrality
(NC) [7]. These methods are sensitive to network structure, so false positive noise and data missing
will reduce the performance of prediction easily.

In addition to characteristics of network topological, the biological characteristics involved in
essential proteins identification mainly include sequence features and functional features. Zhang and
Li et al. combined features of profiles of gene expression with topological features of PPI network,
and proposed CoEWC [8] and PeC [9] methods respectively. Zhao et al. [10] put forward an essential
protein detection model named POEM which utilize the module features of essential proteins. A
weighted network with high confidence is built based on the topological structure and intrinsic
characters of network and information about expression of genes, and overlap of functional modules,
that coupling nature is weak and cohesive nature is strong, are discovered. In the end, the weighted
density of the module to which the protein belongs was used to determine scores. Zhang et al. [11] got
a new model named FDP to employs the global and local topological properties of network and protein
homology information, to combine the dynamic PPI network at different times. In 2021, Zhong et al. [12]
introduced a novel measuring approach named JDC that binary gene expression data with a dynamic
threshold and combines the Jaccard index of similarity and degree centrality.

The method based on multi-source data integration effectively improve the prediction’s level of
accuracy and robustness. The commonly used processing method is to build a highly reliable weighted
PPI network through weighted summary and the features are different for different prediction methods.
The processing method of simple superposition will obfuscate the complicated relationship that exists
between the multi-source data and generate artificial noise. The parameter setting is also matter which
will influence the practical application of the algorithm. Non-negative matrix tri-factorization (NMTF) [13]
is mainly used to analyze data matrices with non-negative elements, disintegrate the input matrix into
three non-negative factor matrices, and approximate the input matrix through low-rank non-negative
representation. It has been widely used in many fields such as text mining [14], recommendation
system [15,16] and biological data analysis [17,18].
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In view of the advantages of NMTF in data analysis and integrate protein homology information
and subcellular location information to improve the prediction performance of essential proteins, an
approach of non-negative matrix symmetric tri-factorization (IEPMSF) is offered as an optimal
method for solving the noise problems in identifying essential proteins. In order to avoid more noise
caused by multi-source data integration, this paper only uses the topological features of the original
protein interaction data to construct the protein weighted network. But this method is not optimal
because of the existence of false negatives and false positives. To solve this problem, the traditional
NMTF algorithm is optimized. The factorization process is regarded as the “soft clustering” process
of proteins, to predict the potential protein-protein interactions by a non-negative matrix symmetric
tri-factorization algorithm (NMSTF), thus forming the optimal protein weighted network. Finally, to
achieve the goal of predicting essential proteins, the homology information and subcellular location
information of proteins are combined to create an initial score for each protein, which is then used to
score and order each protein in the optimized network using the restart random walk algorithm.

2. Materials and methods
2.1. Basic framework of the model

This paper builds an improved protein-weighted network using the protein-protein interaction
network and the NMSTF algorithm to increase the accuracy of important protein identification, and
integrates subcellular localization information with protein homology information to design an
essential model to identify essential proteins, IEPMSF. The model consists of three modules: weighted
network building module, weighted network optimization module, and proteins scoring and sorting module.
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Figure 1. Overall workflow of IEPMSF for identifying essential proteins.
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2.1.1.  Weighted network construction module

Through topological analysis of yeast networks, the researchers found that PPI networks have
small-world and non-scale characteristic [19] and that essential proteins have a strong connection with
the topological properties of proteins. The co-neighbor coefficient is commonly utilized in the
functional recognition [20] of proteins in PPI networks, demonstrating that the more similar neighbors
two proteins in a network have, the more likely they are to interact. To measure the degree of
interaction between the two proteins, we use the co-neighbor coefficient to give the edge weights of
the network of protein interaction.

A simple undirected graph G = (V, E) can be a model of a PPI network. Here, the nodes set V' =
{vi, v2, ***} as proteins, the edges set £ = {e;, e2, e3 ***} is a representation for the interaction of two
different proteins. Defining a weighted network is WG = (V, E, P), where P(i, j) indicating the
likelihood of the interaction of the v; and v; proteins, can be computed using the equation below :

INei(i)nNei(j)|? . . o
PGi,j) = {(INei(i)l—l)*(lNei(j)|—1) if INei(i)| > 1 and |Nei(j)| > 1 (1)
0 otherwise

where Nei(i) and Nei(j) respectively represent collection of neighbor nodes of the v; and v,
|Nei(i) N Nei(j)| represent the number of common neighbors. If there are not any common neighbor
proteins between the v; and v;, then P(i, j) = 0. We are going to assume that the probability of the
interaction, the co-neighbor coefficient between the proteins, is independent of each other, and it’s
going to be in the range of 0 to 1.

2.1.2.  Weighted network optimization module

As previously stated, false positives and false negatives can be found in PPI networks derived
from high-throughput biological research. In other words, there are still some uncertainties in the
construction of weighted networks based on protein interactions. NMTF was proposed by Ding
in 2006 [13], which is an effective tool applied to recommendation systems successfully. Therefore,
we can exploit the potential new protein interactions based on the existing protein and protein
interaction data by using NMTF technology.

The traditional NMTF is the decomposition of the correlation matrix Y**” into three low-rank sub-
matrices, F € R™*, § € R**and G € R*¥*", by which to approximate the original input matrix,
as follows:

P~Y =FSGT (2)

Where the parameter k£ represents the factorization level and reflects the total number of possible
vectors in the column spaces and row spaces. After being weighted to the protein interaction network
with co-neighbor coefficients, the association matrix of the network can be constructed to represent
the connection relationship between proteins. The elements in the correlation matrix are the co-
neighbor values for each edge. Due to the singularity of nodes in the protein interaction network and
the resulting correlation matrix is a symmetry matrix, the simple utilization of the conventional NMTF
technology is not reasonably explanatory. Hart [21] pointed out that essential proteins often gather
together, and the criticality of proteins is related to protein complexes rather than dependent on a single
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protein, which indicates that essential proteins have modular properties. Specifically, given a non-
negative input matrix P, factor matrix S can be seen as the cluster index [14] of the vertex. Based on
this, this paper proposes an improved NMTF algorithm called a non-negative matrix symmetric three-
factors decomposition to rewrite Eq (2) into the following form:

~Y = T
P=Y =USU (3)

Among them, U € R™¥can be seen as “soft” clustering labels of proteins, and S € R***as a
correlation matrix between protein modules, S = S”. Then we can design the loss objective function of
Eq (3) as follows:

— mi —1p— T
D= min JUS)= |P —USU"||F @
Wherel-Ir refers to the Frobenius specification. We use the multiplication update iteration technique
to derive the objective function on the basis of employing the auxiliary function because the object
function is a joint nonconvex problem. According to the rules of Squared frobenius norm we can know
IXl2 = Tr(X"X), which can solve D as follows:

D =Tr(PTP - 2PTUSUT + USTUTUSUT)

)
Solve partial differential equations for U and S factors in Eq (5) respectively:
oD = —4PUS + 4USUTUS
ou
2 = —2UPU + 2UTUSUTU (6)

Followed as Karush-Kuhn Tucker (KKT) complementary condition, we can find a static point,
the KKT condition for U and S. These rules can be written as follows:

oD
v, Uik =0 (7)
By Eq (7), we can get:

(USUTUS — PUS);;,Us = 0

(PUS)ik

Uik = Uik Gsurusyn )

Similarly, the S can be calculated using the same procedure:

WTPU) i

Sik = Sik grysuTUY, (€))

These rules can be expressed in a matrix form:
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(PUS) ik
Uy, « Uy —o2
ik <~ Vi USUTUS) 1

WTPYik
Stk < Sik GTysuTrY . (10)
According to the above multiplication update iteration rules, the final U and § can be calculated,
so as to obtain the optimal Y = USU” approximating the original input matrix.
After the above data processing, we construct an optimized network association matrix, and
conduct the corresponding standardization processing as follows:

max (Yijryji)
P*(i,j) =1 ZR=oYix ’
0, else

k=oYi # 0

(11)

The cumulative sum of each row of i in the matrix P*is 0 or 1.
2.1.3. Proteins scoring and sorting module

We give an initial score to every protein from protein interaction network given by direct
homology information and sub-cell localization information to improve the accuracy of essential
protein prediction.

Studies have shown that when a protein has more homologous proteins in a reference species, it
is highly likely to be an essential protein. The direct homology score of protein node v; is calculated
by the equation below:

HS(@) = m*”’—<H)PU) (12)
1<j<|V|
where HP(i) represent how many direct homologous proteins in the reference species collection SC
node v; has, as follows:

1 ifvi EXSm

HP(i) = Xmesc TN; whereTN; = {0 otherwise

(13)
where the XS, represents a collection of proteins with direct homologous proteins and is a subset of V.
For those proteins that possess homologous proteins in all reference species, their direct homology
score of 1 is given. Instead, if a protein does not have a direct homologous protein in all reference
species, it has a score of 0.

Previous research has revealed that the essential state of proteins is not simply linked to the
biological properties of PPI networks, but also to their location in space. Therefore, making full use of
subcellular localization information is important for essential proteins prediction. Studies have shown
that essential proteins are found in higher concentrations in certain subcellular locations than non-
essential, and evolve more conserved [22]. Let L(R) be the protein set appearing at subcellular location
r, and the frequency of protein appearing at it is possible to calculate each subcellular location r, as
shown below:
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OF (r) = L0 (14)

max|L(k)|

Where |L(r)| represents the number of proteins present at subcellular location », and R represents the
set containing each subcellular location. For a protein v;, let C(i) be the set of subcellular sites in which
it occurs, and the definition of subcellular localization score LS(i) is the score of the maximum
frequency of its occurrence at all subcellular locations by using the following equation:

LS() = rléléi()i() OF () (15)

Combined with the direct homology score and subcellular localization score obtained by Eqs (12)
and (15), the initial value score, 15(i), which is possible to compute the v; of each protein in the protein
interaction network, with following equation:

HS(i) = HS(i) x LS(0) (16)

Based on the weighted network constructed previously and the initial score based on the multi-
source biological information, the final score, FS(i), of a protein v; from network can be calculated
as bellow:

FS(@) = aXjeneiy P*GHFSG) + (1 — a)IS(D) (17)

where, Nei(i) shows the set of neighbor nodes of v;.

As can be seen from Eq (17), a protein’s final score may be thought of as a linear combination of
its multi-source bioinformatics mark and its neighboring correlation mark. Among them, the
percentage of these two scores are adjusted using parameter a. When a is equal to 0, the final protein
score is only related to the multi-source biological information score, and when the value of a is 1, the
score is only related to the common neighbor properties of a protein. However, the amount of protein
in the network is numerous and they have great computational complexity. Therefore, we can rewrite
Eq (17) into the form of a matrix vector:

FS(@)=ax*xP*"*FS+ (1 —a)*IS (18)
Finally, the Jacobi iterative method can be used to quantitatively solve the Eq (18):
FSt=a*P*+«FS'" 1+ (1—a) IS (19)

The number of iterations is represented by ¢ = (0,1,2, ...).
3. Expeiments and results
3.1. Experimental data source

The validity of the IEPMSF model was evaluated by using the basic data of essential protein. The
dataset incorporates essential protein dataset, PPI network dataset, protein homology information
dataset, and subcellular location dataset. The benchmark essential proteins involved in the datasets
are 1199 essential proteins, mainly from databases of MIPS [23], SGD [24], DEG [25], and SGDP [26].
The DIP [27] database is used to get the PPI network data. Excluding repeated protein interactions and
the protein itself interactions, there are 5093 proteins and 24,743 interactions in the collection. The
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subcellular location data was downloaded from the COMPARTMENTS [28] database, which
integrates MGD [29], SGD [24], UniProtKB [30], WormBase [31] and FlyBase [32] databases and
eventually obtains 3923 proteins with subcellular location information. The homologous protein data
is gathered from the InParanoid database’s 7th edition [33], which included pair-wise comparisons of
entire genomes of 99 eukaryotes and 1 prokaryote.

To determine the significance of proteins in the protein interaction network, proteins are compared
with results derived by the algorithm IEPMSF or other existing ways, DC [2], IC [3], CC [4], BC [5],
SC [6], NC [7], PeC [9], CoEWC [8], POEM [10], FDP [11] and JDC [12] for example.

3.1.1. Influence of the parameter a on the capability of the IEPMSF method

In IEPMSEF, the ordering score of the proteins are different depending on the a. To study the impact
of parameter a on the capability of IEPMSF method, we experimented with several values ranging
from 0 to 1 to see how they affected the accuracy of essential proteins prediction of IEPMSF. Table 1
contains detailed experimental data. The range of essential candidates selected is from the top 100 to
the top 600. The ratio of actually essential proteins predicted determines predictive accuracy.

As shown in Table 1, it is shown that when a = 0, the predicted essential protein only considers
the direct homology of the protein, while when a = 1, the predicted essential protein only considers
the co-neighbor information. When a =0 or a = 1, the IEPMSF performs worse than the values of 0 to
1. This means that combination of the direct homologues of proteins and their neighbours can predict
the required proteins more accurately than if only one of these properties is considered. To compare
with other algorithms, as a = 0.1, when the top 100 ranking proteins are chosen as essential protein
candidates, the accuracy can reach 0.97, as shown in the experimental findings in Figure 2.

Table 1. Influence of the parameter a on the accuracy of IEPMSF prediction.

a Top 100 Top 200 Top 300 Top 400 Top 500 Top 600
0 78.00% 77.00% 73.70% 72.30% 67.00% 63.00%
0.1 97.00% 84.50% 78.00% 74.00% 68.40% 64.50%
0.2 92.00% 85.50% 79.70% 74.50% 69.80% 65.30%
0.3 89.00% 86.00% 78.30% 72.80% 69.20% 64.80%
0.4 87.00% 83.00% 76.00% 71.80% 68.60% 65.00%
0.5 87.00% 78.00% 74.00% 70.00% 67.20% 64.30%
0.6 86.00% 77.00% 71.30% 69.00% 64.80% 63.00%
0.7 85.00% 75.00% 69.00% 66.80% 63.80% 60.00%
0.8 82.00% 74.00% 67.30% 64.50% 62.00% 59.20%
0.9 83.00% 75.00% 65.30% 62.80% 59.60% 57.30%
1 81.00% 71.00% 64.70% 59.80% 55.80% 53.20%
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Figure 2. Number of true essential proteins predicted by DC, IC, SC, BC, CC, NC, PeC,
CoEWC, POEM, JDC, FDP and IEPMSF, when top 100 ranked proteins as candidates and
a=0.1.

When essential protein candidates with higher scores at different ratios (top 100, 200, 300, 400, 500,
and 600) are chosen, their highest values are 97% (a = 0.1), 86% (a = 0.3), 79.7% (a = 0.2),
74.5% (a =0.2), 69.8% (a = 0.2) and 65.3% (a = 0.2) respectively. The maximum level of accuracy
is centered at @ = 0.2 as the number of candidate proteins grows. Therefore, we set a as 0.2 to carry
out the following experiments.

3.1.2. The precision-recall curve (PR curve) analysis predicted by various methods

The PR curve is applied to further validate the capability of the various approaches. Firstly,
according to the final scores computed by each technique, proteins in the protein interaction network
are sorted in descending order. The preceding K proteins are considered essential proteins (positive
dataset), whereas the remaining proteins are considered non-essential proteins (negative dataset),
where the threshold K ranges from 1 to 5093. As the K values be changed, to produce the PR curve,
the corresponding precision and recall values for each approach are computed, as illustrated in Figure 3.
The PR curves of IEPMSF are compared with PR curves of centrality algorithms (DC, IC, CC, BC,
SC, and NC) and of multi-source information fusion methods (PeC, COEWC, POEM, JDC, and FDP)
in Figure 3(a) and (b) respectively. As seen in Figure 3, the PR curve of the IEPMSF has much higher
value than that of other algorithms.
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Figure 3. Compared IEPMSF with other eleven approaches from the point of PR curves.
(a) Curves of DC, IC, SC BC, CC, NC and IEPMSF; (b) Curves of PeC, COEWC, POEM,
JDC, FDP and IEPMSF.

3.1.3. The jackknife curve analysis predicted by various methods

To further examine the prediction performance of IEPMSF and other approaches, we apply the
jackknife method. Figure 4 depicts the experimental outcomes. The number of putative essential
proteins ranked first by each approach is represented on X-axis and the real number of important
proteins found is represented on Y-axis. Performance of each method is compared in the area below
the center line. Figure 4(a) demonstrate the outcome of a comparison between DC, I1C, CC, BC, SC,
NC and IEPMSF. From Figure 4(a), we see that the IEPMSF prediction of essential proteins is
significantly more accurate than that of NC. Figure 4(b) shows the comparison of IEPMSF and existing
methods based on multi-source information fusion (PeC, CoOEWC, POEM, JDC and FDP). According
to all of the experimental data. the accuracy of IEPMSF in predicting essential proteins is greater than
the other 11 approaches, according to all of the experimental data.
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Number of Essential Proteins
Number of Essential Proteins
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0 200 400 600 800 1000 1200 o} 200 400 600 800 1000 1200
Number of Top Ranked Proteins Candidates Number of Top Ranked Proteins Candidates
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Figure 4. Compared IEPMSF with other eleven approaches from the point of jackknife
curves. (a) Curves of DC, IC, SC BC, CC, NC and IEPMSF; (b) Curves of PeC, COEWC,
POEM, JDC, FDP and IEPMSF.
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4. Conclusions and discussion

The essential proteins identifying is not only a prerequisite in comprehending organism survival,
but it is also critical for the discovery of disease-causing genes and possible therapeutic targets. An
essential proteins identification model IEPMSF was designed in this paper. In order to avoid more
noise caused by multi-source data integration, to build the weighted network, the model only uses the
common neighbor topology properties of the nodes in the network from original PPI data. Considering
the issue of false positive and false negative PPI data caused by high-throughput trials, and the
clustering function of NMTF, the weighted network was optimized using the non-negative matrix
symmetric tri-factorization (NMSTF) technique to uncover probable protein-protein interactions.
Finally, the starting score of each protein node was calculated using the subcellular location and
homologous proteins information, and the restart random walk method was used to score and rank
each protein in the network. Compared with the topological centrality method and the traditional multi-
source information integration method, the experimental findings reveal that the suggested essential
proteins prediction approach, IEPMSF, significantly improves the performance of essential proteins
prediction. On the basis of the existing work, how to design a more effective method to construct a
weighted network based on multi-source information integration is the future research direction of
essential proteins identification. In long term, we will investigate including more biological data during
the weighted network construction step, and try to apply the model to other species.
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