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Abstract Biological complex networks, such as protein-protein interaction network (PPIN), rep-
resent the underlying living mechanisms in cell. Begin with the PPIN, distinct level modular or-
ganizations appear, like so-called network motifs, protein complexes and signal pathways. The
network motifs defined as spandrels are highly clustered. Here, the motif clusters are divided into
two categories, i.e. inner motif clusters (IMC) and outer motif clusters (OMC), based on protein
complexes. IMC contains more network motifs inside some protein complex contrasting to OMC.
In topological structure, the IMCs are connected more loosely than OMCs and in biology roles
the IMCs mainly located in nucleus and serve for the signal pathways closely related to nucleus
while OMCs mainly located in cytoplasm and reach for the signal pathways unrelated to nucleus,
moreover, in contrast to OMCs, IMCs can reach less cellular localizations. Therefore, from the
protein-protein interaction level, subsets of proteins that define functionally meaningful entities
can reveal the underlying living mechanisms in cell.
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1 Introduction
Modular organization pervades biological complexity [1-3]. Complex biologi-

cal networks show modularity at distinct scales, from small sets of genes or proteins
controlling the signals to large groups of proteins involved in transcriptional of genes
in nucleus or translation of mRNAs outside nucleus. At the relative small scale, small
sets of interacting proteins or genes, so-called ‘network motifs’ [3-9], have been re-
vealed as the functional building blocks of biology networks. At the relative large
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scale, large groups of proteins, such as protein complexes or signal pathways [1,
10-17], can perform relatively independent functions.

Sole and Valverde have just suggested that network motifs are the spandrels of
cellular complexity [3], where the spandrels are defined as the tapering triangular
spaces formed, by the intersection of two rounded arches at right angles –are neces-
sary architectural by-products of mounting a dome on rounded arches [18]. For net-
work motifs, regardless of either building blocks or spandrels for biology networks,
the architectural components construct the main structure of the networks. Without
them, the biology networks will be destroyed into fragments and not be connected
tightly any longer (see Figure 2).

Most network motifs are highly clustered, such as spandrels [3]. Here, we found
that there are two types of network motif clusters, i.e. inner motif clusters (IMC) and
outer motif clusters (OMC), controlling the network complexity in different manners
due to whether most network motifs in motif cluster are located in the same protein
complex. IMCs are mainly contained inside the protein complexes and OMCs are
almost spread outside the protein complexes. Deletion of IMCs can’t lead to the ruin
of biology network while deletion of OMCs can destroy the network structure.

Many cell functions are carried out by subsets of units that define functionally
meaningful entities[19]. In this context, the insights into the intrinsic relation be-
tween cell functions and subsets of biology networks provide us a new idea that the
topological structure of a cell’s network may represent the underlying principles of
a cell’s living mechanism. In this paper, identification of the relation between the
motifs clusters and their roles in representing the underlying principles in a cell has
been becoming the study focus for us.

In this paper, we not only found the distinction between IMCs and OMCs, but
also found they represent different underlying principles in a cell. First, in the view-
point of cellular localizations, contrasting to OMCs, more proteins in IMCs are lo-
cated in nucleus and less proteins in IMCs are located in cytoplasm. Second, in the
viewpoint of signal pathways, in contrast to OMCs, more IMCs are involved in the
signal pathways in nucleus. Therefore, the different topological structures of IMCs
and OMCs indicate their different roles in cell functions. The loosely connections of
IMCs contrasting to OMCs determined they mainly located in nucleus and serve for
the signal pathways in nucleus.

2 Results/Discussion
2.1 The topological structure of IMCs and OMCs
2.1.1 IMCs are connected relative loosely and OMCs are connected

relative tightly
As the definitions of IMCs and OMCs, IMCs contain more network motifs in-

side the protein complexes while OMCs contain more network motifs outside the
protein complexes. In Figure 1, it is easy to see that the IMCs in Figure 1a are con-
nected loosely while the OMCs in Figure 1b are connected tightly. The reason is
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that few network motifs in IMCs act as the connectors among the IMCs while many
network motifs in OMCs play the roles in connecting the OMCs.

(a) (b)

Figure 1: The topological structures of IMCs and OMCs. (a) The connections be-
tween IMCs are sparse and IMCs are connected loosely. (b) The connections between
OMCs are tight and OMCs are connected tightly.

2.1.2 The partition of motif clusters is not random
To show the p-value of the partition of motif clusters, we performed a numerical

experiment to test the distinct effects of deletion of IMCs and OMCs respectively on
the original network. First, we deleted the IMCs and OMCs from the original network
respectively and get the remained network of IMCs and the remained network of
OMCs respectively (see Figure 2). Next, we divided the motif clusters into two equal
groups randomly and repeated the same experiment as the first step 1000 times. We
found the p-value of the partition of motif clusters, i.e. IMCs and OMCs, are less
than 0.001 (see Figure 3). Therefore, the partition of motif clusters are significant
due to it is based on the protein complexes.

2.2 The biological roles of IMCs and OMCs
2.2.1 The distinct preferences for cellular localizations of IMCs and

OMCs
In contrast to OMCs, more proteins in IMCs are located in nucleus and

fewer proteins in IMCs are located in cytoplasm. Due to the distinction between
the topological structures of IMCs and OMCs, i.e. IMCs are connected loosely and
OMCs are connected tightly, they are located in different cellular localizations in cell.
The proteins in motif clusters can be classified into three groups according to their
cellular localizations, i.e. the proteins in nucleus, the proteins in cytoplasm and the
proteins located in both nucleus and cytoplasm. By numerical experiments, we found
that more proteins in IMCs are located in nucleus and fewer proteins are located in
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(a) (b)

Figure 2: The remain network derived from deletion of IMCs and OMCs respec-
tively. (a) The remain network is not ruined and the main component is still con-
nected. (b) The network are break into fragments and the main component is disap-
pear.
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Figure 3: To test the difference between the topological structures of IMCs and
OMCs, we randomly delete the equal number, i.e. 97 network motif clusters, from
the original network 1000 times. The probability density curve is shown in the figure.
It is easy to see that both the p-value of deletion of IMCs and the p-value of dele-
tion of OMCs are less than 0.001. The result suggest there are significantly distinct
topological structures between IMCs and OMCs.
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cytoplasm contrasting to OMCs. In Figure 4a, the proportions of proteins located in
nucleus in IMCs are significantly higher than ones in OMCs (P < 10−13, Wilxocon
rank sum test).
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(a) More proteins in IMCs are located in nucleus in contrast to OMCs (P-value: P < 10−13, Wilcoxon rank
sum test).
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(b) Fewer proteins in IMCs are located in cytoplasm contrasting to OMCs (P-value: P < 10−7, Wilcoxon
rank sum test).

Figure 4: The distinct biological roles of IMCs and OMCs in cellular localizations.

In Figure 4b, the proportions of the proteins located in cytoplasm in IMCs are
significantly lower than ones in OMCs (P < 10−7, Wilxocon rank sum test). Addi-
tionally, in Figure 4c, for the proteins in both nucleus and cytoplasm, there are no
significant difference between IMCs and OMCs (P = 0.6821, Wilxocon rank sum
test). Thus, we can conclude that IMCs and OMCs prefer to different cellular local-
izations.
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(c) There are no significant distinction between the IMCs and the OMCs, which can locate in both nucleus
and cytoplasm (P-value: P = 0.6821, Wilxocon rank sum test).
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(d) The number of cellular localizations that IMCs located in is significantly distinct from the one of OMCs
(P-value: P < 10−6, Wilcoxon rank sum test).

Figure 4: The distinct biological roles of IMCs and OMCs in cellular localizations.

In contrast to OMCs, the proteins in IMCs can reach less cellular localiza-
tions. Besides the cellular localizations, i.e. nucleus and cytoplasm, there are still
other cellular localizations in cell. By numerical analysis, we found the proteins in
IMCs can reach relatively less cellular localizations than ones in OMCs. In figure 4d,
the numbers of cellular localizations for IMCs are significantly lower than the ones
for OMCs (P < 10−6, Wilxocon rank sum test).

The results suggest that one property in protein-protein interaction network,
such as motif clusters based on protein complexes, reflect one underlying principles

New Insights into Network Motif Clusters 105



in cell’s living mechanism.

2.2.2 The distinct preferences for signal pathways of IMCs and OMCs
In consideration of the difference in preference of cellular localizations for IMCs

and OMCs, we made further studies on the preferences for signal pathways for them.
In a cell, nucleus is an essential part of it that regulates all its activity and be critical
to its normal living. Replication of DNA, transcription of DNA and the process of
cell cycle all happen there. Surely, the signal pathways involved in nucleus has spe-
cial meanings for cell, such as basal transcription factors, RNA polymerase, purine
metabolism, pyrimidine metabolism, proteasome and cell cycle. In turn, we consider
a connection model in which the motif clusters and the pathways are connected by at
least one protein. By such a connection model, we found the IMCs can reach more
signal pathways involved in nucleus while the OMCs can connected with more sig-
nal pathways involved in other cellular localizations (P < 10−2, Chi-square test). The
result is in Table 1.

Table 1: The different preference for pathways between IMCs and OMCs.
Pathways involved in nucleus Pathways involved outside nucleus

IMCs 90 62
OMCs 57 82

From the analysis of the paper, we can firmly conclude that the topological
distinction between IMCs and OMCs reflects their different biological roles in cell.

3 Materials and Methods
Protein-protein interaction data

The HCfyi dataset of 3976 interactions among 1291 proteins was obtained from
Batada NN et al [20]. It is based on an intersection method in which only the in-
teractions observed at least twice are retained from various datasets. Dataset of the
HCfyi was derived from all extent protein interaction datasets, which include all LC
interaction data. Especially, the LC data were manually curated from over 31,793 ab-
stracts and online publications [21], and there is no interaction derived from standard
large-scale experiments in FYI.

Other data
The protein complex data were derived from MIPS [13]. Cellular localization

were derived from Huh et al. [22], The signal pathway data were derived from KEGG
[23] .

Finding network motifs
A three-motif (i.e. the motif is composed of three proteins and a four-motif

(i.e. the motif is composed of four proteins) were found by mfinder2.1 [4, 5]. The
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ID of the three-motif is 238 whose Z-score is 317.43. The ID of the four-motif is
13260 whose Z-score is 12.90. Indeed, there are other four motifs that were found
by mfinder2.1. The reason why we choose motif 13260 is that others are either a
combination of two three-motifs or a combination of one three-motif and a single
edge.

Motif clusters (IMCs and OMCs)
In the subgraph composed of network motifs, we select the top 20% proteins

that interact with more other proteins[24-28] (The cutoffs between 10% and 40%
have no significant effect on the result). Then one protein with their network motifs,
i.e. the network motifs all contain the protein are defined as a network motifs. All
together there are 194 network motif clusters. For the network motif clusters, due to
the proportion of network motifs whose proteins are all located in the same protein
complex, we divided them into two equal groups, i.e. IMCs and OMCs.

Deletion of Motif clusters
Deletion of motif clusters from the network is deleting the proteins in motif

clusters from the network [24, 29, 30].

Connection Model
To value the relation between a network motif cluster and a pathway, in the con-

nection model, the network motif cluster and the pathway has at least one common
protein.
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