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Essential genes are responsible for the viability of an organism. Global protein interaction network
analysis provides an effective way to understand the relationships between protein products of genes.
By means of large-scale identification of essential genes and protein-protein interactions, we
investigated the substructure of the protein interaction network in Escherichia coli and identified all
the cliques in the network. Our analysis showed that larger cliques tend to have larger fractions of
proteins encoded by essential genes. By merging the maximum clique with overlapping neighboring
cliques, we observed a dense core of the protein interaction network in Escherichia coli with significantly
higher ratio of essential genes. The protein network of Saccharomyces cerevisiae also shows strong
correlation between clique and essentiality, and there exist similar dense clusters with high essentiality.
Our results indicated that the observed structure of essential cores might exist in higher organisms
and play important roles in their respective protein networks.
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Introduction

In recent years, technological advances make possible the
systematic mapping of protein-protein interaction, or inter-
actome mapping. Experimental procedures such as yeast-two
hybrid1 and protein co-immunoprecipitation2 have been ap-
plied to generate large-scale protein interaction networks for
most of the model organisms, including Saccharomyces
cerevisiae3,4 and Escherichia coli.5,6 Although constructing and
understanding these networks are far from being completed,
they have revealed global topological characteristics7 and
dynamic features8 of protein interaction networks related to
known biological properties. This accumulating information
derived from large-scale protein interaction networks opens a
window to understand biological organizations at the system
level, but the coming challenges are to organize this informa-
tion into models of cell machinery and to present interactome
information with higher confidence. Understanding the bio-

logical organization at a system level is among the key
objectives in the postgenomic era.

Gene deletion is usually applied to identify essential genes.9

Since not all functions of the deleted genes can be compensated
by their existing counterparts, gene deletion may result in the
demise of the organism. Hence those genes directly involved
in organism lethality are called essential genes and the proteins
encoded by them are called essential proteins. Several earlier
single-gene-deletion experiments had identified certain es-
sential genes in E. coli,10 Bacillus subtilis11 and S. cerevisiae,9,12

and the analysis of protein essentiality in a protein interaction
network was made possible.

A protein interaction network can be abstracted as a
mathematical graph, permitting analysis with graph theoretical
algorithms. Proteins are represented as nodes in the graph and
interactions are edges connecting the nodes. Most of the
observed protein interaction networks are found to be scale-
free, with a power-law distribution of the node connectivity.13,14

Such networks contain a small number of highly connected
nodes, called hubs. Several authors have proposed that the
topological properties of the protein interaction network could
be strongly related to protein essentiality. Hubs are usually
more essential than nonhubs.13,15 Proteins with high between-
ness tend to be essential.16,17 However, other authors have
taken an opposite stance, arguing that protein essentiality is
poorly related to the topological properties of protein interac-
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tion networks.18-20 New large-scale measurements of essential
genes10 and protein-protein interactions5 in E. coli provide
additional information to clarify this controversy.

On the other hand, analysis of subgraph structures in protein
interaction networks can also give another perspective of the
topological roles of essential proteins in the network. Previous
studies suggested that biological systems are composed of
interacting modules with different functions.21-23 Identifying
those functional modules in a protein interaction network is
pivotal to the understanding of the organization and interaction
of cellular processes in both eukaryotes and prokaryotes.17,24

It has also been pointed out that protein complexes are
generally associated with dense regions.25 Wuchty and Almaas26

showed a form of essential core, where nodes more centrally
located in a core are more likely to be essential. Cliques, or
complete subgraphs, are the densest regions in a network.
However, the biological roles of cliques remain unclear. We
proposed that, since highly connected nodes tend to be
essential and essential genes or proteins are found to be
enriched for interacting with other essential genes or proteins,15

cliques may also be associated with essentiality.
In this study, we investigated the subnetwork structure of

the protein interaction network and developed an algorithm
to identify all the cliques in the network as well as to merge
overlapping cliques. Our results show a strong correlation
between the cliques and the essential proteins, and we suggest
that an essential core, a new topological characteristic, exists
in the protein interaction network of E. coli and other organisms.

Materials and Methods

Experimental Data of Protein-Protein Interaction and
Essential Gene Identification. Experimental measurements of
the protein-protein interactions of E. coli K-12, acquired by
His-tag pull-down assay,5 were used to construct the protein
interaction network for analysis in this study. The protein
interaction data of S. cerevisiae were downloaded from the DIP
database.27 In a recent study, we identified 303 essential gene
candidates in E. coli K-12 as genes unable to be deleted from
the chromosome.10 These 303 genes were used as the list of
essential genes for analysis in this study. The list of essential
genes for yeast was downloaded from the Saccharomyces
Genome Deletion Project (http://www-sequence.stanford.edu/
group/yeast_deletion_project/).

Network Analysis. A protein interaction network may be
represented as an undirected graph G(V,E) that consists of a
set of nodes V and a set of edges E. Each node u ∈ V represents
a unique protein, while each edge (u,v) ∈ E represents an
observed interaction between two proteins u and v.28 The size
of a graph is given by the number of its nodes. The degree of
a node indicates the number of observed interacting partners
of a protein. A clique of size n is denoted by Kn, and is a
complete n-node subgraph, by which we mean that within a
subgraph, each pair of nodes is connected by an edge. The
number of the undirected edges in a complete graph of n nodes
is given by (n,2) ) n(n - 1)/2, where (n,k) is the binomial
coefficient. If a clique is not a subgraph of any other clique,
then this clique is called a maximal clique. Among all the
maximal cliques, the largest one is the maximum clique.

The path length between two nodes in a graph is the number
of edges in a shortest path connecting them, which is also
known as the geodesic distance. The eccentricity of a node in
a connected graph is the maximum path length between v and
any other node in the graph. The maximum eccentricity can

be thought of and is defined as the diameter of the graph.
Similarly, the minimum eccentricity is the radius of the graph.
If the eccentricity of a node is equal to the radius, this node is
a central node of G.

The centrality of a node v determines the relative importance
or closeness of a node within the graph. For a graph with n
nodes, the betweenness CB(v) of a given node v is defined as
CB(v) ) ∑s<t [σst(v)/σst], with s * v * t ∈ V. Here, σst is the number
of shortest paths from s to t, and σst(v) is the number of shortest
paths from s to t that also pass through the node v. If more
shortest paths cross a given node, this node tends to have a
higher score of betweenness. Closeness centrality describes how
close a node within a graph is to the other nodes. A node that
has higher closeness centrality tends to have shorter geodesic
distances to other nodes within the graph such that it is closer
to the center of the graph. Thus, closeness measures how easily
other nodes can be reached from it, or how easily it can be
reached from the other nodes, and is usually positively cor-
related with other measures, such as degree. For a graph with
n nodes, the closeness CC(v) for a node v is defined as CC(v) )
[1/∑t d(v,t)], where t * v ∈ V and d(v,t) is the geodesic distance
between nodes v and t; that is, the closeness centrality CC(v)
for a node v is the reciprocal of the sum of geodesic distances
to all other nodes in the graph.

Clique Finding and Clique Merging. The problem of finding
the maximum clique for a given graph is an NP-complete
problem.29 Here, we proposed a novel and efficient algorithm
to find the maximum clique. The algorithm first identifies all
the smallest cliques, K3, by examining whether there exists an
edge between each pair of neighboring nodes for any given
node, and recursively finds other larger cliques. Detailed
information about our algorithm is given in Supporting Infor-
mation S2. This algorithm is suitable for protein interaction
networks or other scale-free networks, since the complexity of
this subroutine is decided by the average degree of a network.
As there are only a small number of high-degree nodes in a
scale-free network, its average degree is commonly low.

We merged the maximum clique with overlapping neighbor-
ing cliques to form a larger dense cluster. Cliques that share
more than half of their nodes with the maximum clique were
defined as overlapping neighboring cliques. More details about
the clique-merging algorithm and the determination of proper
threshold for shared nodes are described in Supporting Infor-
mation S2.

Results and Discussion

We constructed the protein interaction network of E. coli
based on our previous large-scale measurements of protein-
protein interactions of E. coli K-12.5 There are 3039 nodes
(proteins) and 11477 edges (interactions) in the protein interac-
tion network of E. coli. The diameter of this network is 9 and
the radius is 5. Among the 3039 proteins, 260 proteins are
products of essential genes, and denoted as essential proteins.

Topological Features of Essential Proteins in the Protein
Interaction Network of E. coli. We compared the topological
properties of essential and nonessential proteins, and sum-
marized the results in Table 1. We found that the degree of
the essential proteins was significantly higher (17.0 in average)
than the nonessential proteins (6.7 in average); the betweenness
centrality was also significantly higher for essential proteins.
These results are consistent with the observation in S.
cerevisiae.16,30 However, unlike yeast, no difference in the
clustering coefficients was observed between essential and
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nonessential proteins in E. coli. This seems to contradict our
expectation that a node which is densely clustered around other
nodes might play a more important role in the network and
hence higher biological significance. However, this might be
attributed to the simpler subcellular organization of prokaryotes
or the noisy systematic measurements of protein-protein
interactions (Supporting Information S1). To further explore
the role of a protein in a denser region of the interaction
network, we investigated other related topological features of
essential and nonessential proteins and found that the sub-
graph feature of cliques was closely related to essentiality.

Identifying Cliques in the Protein Interaction Network. In
graph theory, a clique is defined as a subnetwork whose nodes
are connected with each other. Cliques are the densest
subnetworks, so proteins in a clique interact tightly with one
another. To identify all the possible cliques in the protein
interaction network, we developed a novel and fast algorithm
as described later (in Materials and Methods).

Efficient maximum-clique finding continues to be a problem
in graph theory, even though many algorithms are readily
available. Here, we proposed an algorithm that is particularly
suitable for scale-free networks. This type of networks has a

particular feature; that is, only a small number of nodes have
very high degrees of connectivity. Several previous studies have
shown that protein interaction networks are scale-free.13,14 This
is reasonable because it is highly improbable for a protein to
simultaneously interact with multiple partners in protein
interaction networks, as a protein does not have multiple
binding sites to interact with many partners at the same time.
Instead, it is more often that only a few proteins share the same
small number of binding sites of a given protein.31 Since protein
interaction networks do not have a large number of high-degree
nodes, this algorithm works exceptionally well.

Correlation between Cliques and Protein Essentiality. We
counted the number of cliques of all sizes and calculated the
essentiality of every kind of cliques, as listed in Table 2. Only
the numbers of the maximal cliques (defined in Materials and
Methods) are shown. The essentiality of a subnetwork is
defined as the ratio of the essential proteins to all proteins in
a subnetwork. We observed a strong correlation between clique
size and essentiality. As shown in Figure 1A, the essentiality of

Table 1. Comparison of the Topological Properties between Essential and Nonessential Proteins of E. coli; between the Maximum
Clique (K7) and Randomly Selected 7-Node Subnetworks

ess. noness. P-value K7 random Z-score P-value

Degree 17.0 6.7 8.2 × 10-10 125.4 7.6 14.1 2 × 10-4

Betweenness 0.00240 0.00063 1.8 × 10-4 0.02227 0.00079 7.1 4.6 × 10-3

Closeness 0.31 0.30 0.127 0.37 0.30 4.2 0.001
Clustering coef. 0.056 0.065 0.13 0.09 0.06 0.6 0.20

Table 2. The Numbers of Found Maximal Cliques and the
Corresponding Numbers of Nodes for Various Sizes of Cliques
in the Protein Interaction Network of E. coli and S. cerevisiae

E. coli S. cerevisiae

maximal Kn nodes cliques essentiality nodes cliques essentiality

K0 1712 - 7.1% 2867 - 12%
K3 1062 2110 8.3% 1038 2248 21%
K4 172 364 14% 398 933 35%
K5 65 134 23% 246 712 44%
K6 17 16 29% 148 341 44%
K7 7 1 86% 104 75 59%
K8 - - - 22 22 73%
K9 - - - 40 19 70%
K10 - - - 10 1 90%

Table 3. List of Interacting Partners of YdiEa

protein pI essential functional annotation

RpsI 10.94 Yes 30S ribosomal subunit protein S9
RplQ 11.05 Yes 50S ribosomal subunit protein L17
RpsD 10.05 Yes 30S ribosomal subunit protein S4
RpsK 11.33 Yes 2 30S ribosomal subunit protein S11
RpsM 10.78 Yes 30S ribosomal subunit protein S13
RpsC 10.27 Yes 30S ribosomal subunit protein S3
RpsB 10.93 Yes 50S ribosomal subunit protein L2
RplW 9.94 Yes 50S ribosomal subunit protein L23
RpsG 10.37 Yes 30S ribosomal subunit protein S7
RplA 9.64 No 50S ribosomal subunit protein L1
NadE 5.41 Yes NAD synthetase, NH3/glutamine-dependent
YoeA 5.42 No CP4-44 prophage predicted disrupted hemin

or colicin receptor (pseudogene)
HtrG 9.1 No predicted signal transduction protein

(SH3 domain)

a There are 13 interacting partner proteins of the only nonessential
protein, YdiE, in the maximum clique K7 of E. coli. Most of them are
essential ribosomal proteins.

Figure 1. Distributions of the average proportion of essential
proteins to the total number of proteins in different sizes of
cliques within the protein interaction network of (A) E. coli and
(B) S. cerevisiae. Larger cliques show higher essentiality than
lower ones in both E. coli and S. cerevisiae. K0 denotes the kind
of proteins not forming any cliques.
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larger cliques is higher than smaller ones or nonclique proteins.
We conclude that essential proteins tend to be part of larger
cliques compared to nonessential proteins.

Characteristics of the Maximum Clique in E. coli. In this
network of E. coli, there is a maximum clique with 7 nodes. In
this clique, six nodes are essential and belong to ribosomal
proteins, but the seventh node, YdiE, is a nonessential small
protein with 63 amino acids. Since the function of YdiE is still
unknown, we investigated YdiE further and listed the detailed
information about its interacting partner proteins in Table 3.
The degree of YdiE is 13, and there are 10 ribosomal proteins

and 10 essential proteins among its interacting partners. The
isoelectric point, pI, of the 10 ribosomal proteins is ap-
proximately 9-11, and the calculated pI of YdiE is 9.77, similar
to the pI values of ribosomal proteins. Therefore, we conjec-
tured that YdiE may be a candidate of ribosomal proteins.

The centrality measurements may give us clues on the role
of the K7 clique. As shown in Table 1, both the mean between-
ness centrality and the mean closeness centrality of K7-nodes
are significantly higher than those of random samples of 7-node
subnetworks (betweenness: 0.022 versus 0.00079, with Z-score
of 7.1; closeness: 0.37 versus 0.30, Z ) 4.2). The higher the

Figure 2. (A) A graphic representation of the subnetwork consisting of all K6 cliques in E. coli. All of the K6 cliques are associated with
the maximum clique K7. The seven nodes in K7 are filled with blue color. Essential proteins are labeled with red circles and nonessential
proteins with green circles. (B) Subnetworks of essential and nonessential proteins within the essential core. A graphic representation
of the core subnetwork C7 in E. coli after removal of the edges between essential (red nodes) and nonessential (green nodes) proteins.
The essential proteins are tightly connected with each other (35 proteins and 137 interactions with density of 0.23), while the nonessential
proteins are loosely connected with each other (127 proteins and 117 interactions with density of 0.01). (C) Subnetwork of non-K7

essential proteins within the essential core, that is, the subnetwork of C7
es after removal of the K7 nodes. The subnetwork of essential

proteins becomes quite sparse (32 proteins with 39 interactions and density of 0.08). The interactions between this subnetwork and
the nonessential proteins in the essential core also decrease a lot from 566 to 177.
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betweenness centrality for a subnetwork, the more the shortest
paths pass through the subnetwork, analogous to a traffic hub
in a metropolitan area. Our results suggest that the K7 clique
plays a pivotal role in the protein interaction network. It is
known that the central nodes in a network tend to have higher
closeness centrality. Since K7 has a significantly higher closeness
centrality, it should be very close to the center in this network
of E. coli. Furthermore, the mean path length between K7 and
the other nodes of the network is 2.12 (significantly shorter than
the whole-network average of 3.35), and the eccentricity of K7

is 5, the same as the radius of the network. We may conclude
that K7 is the central module of the network.

There are 16 K6 cliques in the protein network of E. coli and
they consist of 17 proteins, including all the nodes in K7 (Figure
2A). This indicated that the 17 proteins themselves form a dense
subnetwork associated with the largest clique K7 in the network.
To further expand this dense subnetwork, we proposed a
clique-merge algorithm and used it to merge all the cliques
closely associated with the K7 clique.

Merging Maximum Clique with Neighboring Cliques
Leads to a Dense and Essential Core. We merged K7 with its
overlapping neighboring cliques to form a larger cluster C7 of
176 proteins and 864 interactions. If half or more nodes of a
clique overlap with K7, we defined this clique as a neighboring
clique. Large-size cliques in the network, including all the K6

and K5 cliques, were merged into C7. The density of C7 is 0.06,
30 times the average of randomly selected subnetworks with
the same size (0.06 observed versus 0.002 expected, Z ) 50, P
< 0.0001). Furthermore, this dense cluster contains 38 essential
proteins. Its essentiality is 22%, which is significantly higher
than the average of random subnetworks (22% observed versus
8.5% expected, Z ) 6.8, P < 0.0001). Since there were no more
clusters with similar size and featuring comparable density or
essentiality, we called this cluster an essential core in the protein
interaction network of E. coli.

When we removed the 566 interconnected interactions
between essential and nonessential proteins in the cluster, the

result showed that the subnetwork C7
es, constructed solely by

essential proteins, was very compact with density of 0.23; on
the other hand, the one C7

ne constructed by nonessential
proteins was quite sparse with density of 0.01, as shown in
Figure 2B. Furthermore, there were a total of 864 interactions
in this dense cluster C7 but 566 of them were interconnected
interactions, implying that essential proteins and nonessential
proteins are well connected. Among the rest of the 298
interactions, 146 of them were shared by 38 essential nodes,
the other 152 interactions were shared by 138 nonessential
nodes. This means that essential proteins tend to form a tighter
cluster while nonessential proteins play auxiliary roles to
essential proteins. When we further removed K7 nodes out of
the subnetwork C7

es, the subnetwork collapsed and became
sparser (32 proteins with 39 interactions and density of 0.08),
as shown in Figure 2C. We conclude that K7 nodes play
important roles in the subnetwork constructed by essential
proteins and take part in most of the interconnected interactions.

To illustrate the biological functions involving the essential
core C7, we categorized the proteins by their functional
annotations in Gene Ontology32 and visualized their interaction
subnetworks accordingly, as shown in Figure 3. The major
function of this essential core is protein biosynthesis as it
contains many ribosomal proteins. Other proteins in the core
are involved in closely related biological functions such as
transcription, RNA modification, and protein folding.

Clique Analysis of S. cerevisiae Network. To examine
whether the observed characteristics of cliques in E. coli exist
in other organisms, we applied the clique analysis to S.
cerevisiae, the well-studied budding yeast, and found that its
protein interaction network shows similar behavior to E. coli.
As shown in Figure 1B, a strong correlation is observed between
clique size and essentiality in yeast. The maximum clique in
yeast has a size of 10 and contains extremely large proportion
of essential proteins, 90%.

In the same way, we calculated the centrality of the maxi-
mum clique, K10, in the protein interaction network of yeast.

Figure 3. A graphic representation of the essential core C7 in E. coli illustrating its biological functions. The proteins are clustered and
labeled with different colors according to their annotated functional categories including (1) protein biosynthesis, (2) transcription, (3)
RNA modification, (4) protein folding, (5) DNA repair, (6) colanic acid biosynthesis, (7) DNA-dependent DNA replication, (8) aerobic
respiration, (9) DNA catabolism, and others. The border of an essential protein is colored as dark red, while that of a nonessential
protein is colored as dark green.
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Both the betweenness and closeness centrality of K10 nodes
were significantly higher than other nodes in the network
(average betweenness: 0.0022 versus 0.0006, P < 6.55 × 10-6;
average closeness: 0.29 versus 0.24, P < 6.49 × 10-7). On the
other hand, the average path length between the K10 nodes and
essential proteins was significantly shorter than the path length
between K10 and nonessential proteins (2.65 versus 2.87, P <
1.11 × 10-13), indicating that K10 nodes are significantly closer
to essential proteins than nonessential ones.

Merging the maximum clique K10 with overlapping neigh-
boring cliques also gives rise to a dense cluster C10 with high
essentiality, similar to the essential core in E. coli. C10 consists
of 42 proteins with 23 essential and 241 interactions, mainly
involved in protein catabolic process. However, the size of C10

was not large, as not all larger cliques merged with C10; instead,
they merged with other cliques to form various dense and
essential clusters.

Comparing the network of E. coli and S. cerevisiae by the
proposed clique analysis, we found that there is one essential
core in E. coli, but probably more than one essential core in S.
cerevisiae (shown in Supporting Information S3). This difference
might be due to the fact that E. coli is a prokaryote, and S.
cerevisiae is a eukaryote which has more complex cellular
structure. On the other hand, the observed difference might
be the consequence of incomplete protein-protein interaction
measurements. We performed the analysis on another large-
scale protein-protein interaction data set of E. coli6 and
observed similar results (Supporting Information S4). With the
increasing effort in the systematic measurements of various
model organisms, we will be able to investigate whether similar
essential core structure exists in other organisms and how the
protein-protein interaction network is organized from the
aspect of essential cores.

Wuchty and Almaas26 found that, by applying k-core de-
composition on protein interaction network, the probability
of nodes being both essential and evolutionary conserved
successively increases toward the innermost cores. A k-core
means a subnetwork of all the nodes with degree higher than
k. The large cliques or the merged clique clusters in our study
are topologically correlated with high k-cores. Therefore, our
observations of the relationship between clique size and
essentiality, as well as our proposed essential cores are
consistent with the findings of the k-core analysis. High k-cores
(innermost cores) might represent an alternative form of
essential cores. On the other hand, our clique analysis method
could be viewed as a new approach to network core decom-
position. Recently, Zotenko et al.33 analyzed the protein
interaction network of S. cerevisiae and demonstrated that a
majority of hubs are essential due to their involvement in a
group of densely connected proteins with shared biological
function that are enriched in essential proteins. In this work,
we analyzed the protein interaction networks of E. coli as well
as S. cerevisiae. We used a novel approach to identify a group
of densely connected proteins, which were found to share
similar biological functions and have high essentiality. Our
study provides complementary analysis and results not ad-
dressed in previous studies.

Conclusions

On the basis of our analysis, we found that essential proteins
tend to be a part of larger cliques than nonessential proteins
in E. coli and yeast. Larger cliques consist of a greater
proportion of essential proteins. In E. coli, there exists a

maximum clique of size 7, and the ratio of essential proteins
to all proteins in this maximum clique is 86%, or 6/7. Similarly,
there exists a maximum clique of size 10 in yeast, and the ratio
is 90%, or 9/10. We showed that a maximum clique with
extremely high ratios of essential proteins is present in the
protein interaction networks of E. coli and yeast. Considering
other topological properties, such as closeness centrality,
betweenness centrality, and path length, this maximum clique
was shown to play a central role in the network. Expanding
the maximum clique by merging neighboring cliques, we
discovered a dense cluster that contains a significantly higher
ratio of essential proteins, and we defined it as an essential
core of the protein interaction network. These properties are
shared by both E. coli and yeast; hence, there might be some
common rules of thumb between organisms in their protein
interaction network structure. The existence of essential cores
may provide a different aspect to organizing the protein
interaction network into models of cell machinery.
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