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Abstract. In this paper we investigate the organizational structure of
the transcriptional regulatory network of S. cerevisiae with respect to the
connectivity structure of periodic genes. We demonstrate that the giant
strongly connected component plays a prominent role serving as central
connector for genes experimentally found to be periodically expressed
during the cell cycle of yeast. Numerically, we find by randomization of
the gene labels that this organizational structure is unlikely to be formed
by chance.
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1 Introduction

The analysis of complex network has gain much attention during the last decade
[25T4J20/19]. This interest comes in part from the fact that many natural phe-
nomena can be cast into a network framework that enables an analysis of the
problem. Especially, in molecular biology such approaches have been used fre-
quently [SITE/T8]. In contrast to the theoretical analysis of general complex net-
works and their properties in biology that major interest consists in understand-
ing the functional organization of gene networks []. So far, however, it is largely
unknown how to connect, e.g., graph theoretical network properties meaningfully
to the biological function of a molecular biological system.

In this paper we use the transcriptional regulatory network of yeast to inves-
tigate the organizational structure of periodic genes. Genes are called periodic
if they are expressed periodically during the cell cycle [III2/2T123] that means
if they are not just switched on or off but alternate periodically between ac-
tivation states. Traditional approaches studying periodic genes use, e.g., time
series data from DNA microarray experiments trying to identify periodic pat-
tern. Here we do not aim to identify periodic genes but are interested instead
in their structural organization in the transcriptional regulatory network. That
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means, we use the transcriptional regulatory network [I322], which is a directed,
unweighted network, and a list of genes known to be periodic [23] to perform a
structural analysis of this network. Our analysis is based on the observation that
a (general) network may contain one or more strongly connected components.
A strongly connected component is a subnetwork connecting each pair of nodes
in this subnetwork bidirectionally. With other words, the strongly connected
component has a cyclic structure allowing to connect nodes on closed paths
(cycles). The transcriptional regulatory network of yeast contains such strongly
connected components [9]. Due to the fact, that only nodes in the strongly con-
nected component can occur on cycles we hypothesis that only these genes can
be directly activated periodically [9]. All other gene that are periodic need to be
triggered by these genes. For this reason we hypothesis that the strongly con-
nected component plays a prominent role in the organization of the cell cycle
and the activation of periodic genes. We calculate the shortest paths [6] from the
strongly connected component to all periodic genes in the network (if possible)
and investigate the observed structure. More strictly, due to the fact that the
transcriptional regulatory network is a curated network its structure can be con-
sidered as causal representing molecular interactions instead of just some form of
association between the genes. This implies that our graph theoretical approach
is causality based because a path connects only genes that (potentially) influence
each other causally.

This paper is organized as follows. In the next two sections we present the
method we apply to the transcriptional regulatory network and the data we use
for our analysis. In section ] we present numerical results and this paper finishes
in section Bl with conclusions.

2 Methods

We use a graph theoretical approach to study the structural organization of
periodic genes in the transcriptional regulatory network G of yeast. In addition
to the transcriptional regulatory network we use a list of genes known to be
periodically expressed during the cell cycle.

The transcriptional regulatory network can be partitioned by the presence or
absence of cycles connecting genes. In mathematical terms a part of the net-
work that is cyclic is also called a strongly connected component (SCC) [7]. For
example, for a SCC containing at least three genes, A;, A;, Ay there exists a
cycle A; — ... > A; — ... —> Ay — --- — A;. The dots indicate that there are
possibly other genes involved. However, the important point is that there exists
a cycle on which all three genes appear. This observation is important because
the presence of a cycle in a network is a necessary condition that truly periodic
behavior can be observed because these genes have the ability to interact (ac-
tivate/inhibit) each other consecutively and, hence, can form a limit cycle [I7].
This leads us to the separation of the genes in two classes. The first class consists
of genes that belong to the SCC. The genes in the second class do not belong
to the SCC. Further the two classes are not equal but the information should
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flow in one direction namely from SCC — G/SCC. The reason is that only
genes in the SCC can establish a periodic behavior, as explained above, while
genes in G/SCC can not. Based on this classification and hierarchy we raise the
following hypothesis [9].

Hypothesis 1. Given a causal path from a gene in the SCC to a gene in
G/SCC, obtained from the transcriptional requlatory network, connecting two
genes known to be periodic than all genes on this path are periodic if: First,
the connecting path is a shortest path. Second, there is just one shortest path
connecting the periodic genes.

In this paper we will not analyze the predictions of our hypothesis but instead we
focus on the structural organization of the obtained subnetwork. More precisely,
we will analyze if properties of the observed subnetwork are formed by chance
or significant with respect to gene label randomization.

3 Data

For our analysis we use the transcriptional regulatory network (TRN) of yeast
[13122] which is a directed, unweighted network. From this network we extract
the weakly connected component (WCC) consisting of 3357 genes and 7230
interactions. The weakly connected component of a network is defined as the
subnetwork that connects every pair of nodes by at least one directed path [7].
In contrast, the strongly connected component (SCC) is defined as subnetwork
that connects each pair of genes in both directions. That means there exists a
path connecting, e.g., gene A with gene B but there exists also a path connecting
gene B with gene A. The TRN consists of two strongly connected components.
One consists of 36 and the other of just 2 genes. When we speak in the following
of the SCC of the TRN we speak always about the larger subnetwork also called
the giant strongly connected component [24]. The strongly connected component
is part of the weakly connected component, SCC C WCC. We use a list of ZHAO
et al. as reference for periodic genes [23]. They categorized 260 genes as periodic
from which 179 are in the subnetwork (WCC) considered in our analysis.

4 Results

In Fig. [l we show a subnetwork of the transcriptional regulatory network. This
subnetwork contains the strongly connected component and all periodic genes
that can be reached from there. The SCC is shown as one node only (red) because
we are here not interested in the connectivity of the SCC but the connectivity
from the SCC to periodic genes. The periodic genes are shown in orange and
genes that are non periodic are shown in blue. We want to emphasize that we in-
cluded only edges that occur on shortest paths from the SCC to periodic genes.
This does not only simplify the situation but corresponds also to an assump-
tion frequently employed in the context of gene networks in general [3TTT6]
assuming that interactions follow shortest paths. The resulting network looks
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Fig. 1. Subnetwork of the TRN of yeast. Shown are 141 genes and the strongly con-
nected component represented as one red node. Nodes in orange correspond to periodic
genes [23], blue nodes are genes not categorized as periodic. The connections shown
are shortest paths connecting the periodic genes to the strongly connected component.
All other connections are omitted.

remarkably simple containing many periodic genes and only very few non pe-
riodic genes. More precisely, we find among all 179 periodic genes in the WCC
132 are connected to the SCC. This corresponds to 73% of all periodic genes.
Considering the fact that the SCC contains nine more periodic genes our model
view covers 78% of all periodic genes. Another interesting result from Fig. [
is that only 9 non periodic genes (blue nodes) are necessary to accomplish the
shown connected subnetwork.

The crucial question arsing from these observations is if these results are
an effect caused by evolution or if these results are merely random structures.
To investigate this we randomize the transcriptional regulatory network in the
following way. We keep all genes from the SCC fixed. All other node labels,
which correspond to gene names, are randomized by permuting these node labels.
According to this randomization we generate an ensemble of Ny = 1000 networks
and repeat our analysis for Fig.[Il The results of these randomizations are shown
in Figs. 2H4l

In Fig. 2 we show histograms of the number of periodic genes NP, that are
directly connected to the SCC (top) and of the number of periodic genes N},
that are reachable via a shortest path from the SCC (bottom). It is interesting
to see that in these randomized networks the number of periodic genes is much
smaller compared to the results for the (normal) TRN shown in Fig. [
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Fig. 2. Top: Histogram of the number of periodic genes N?, that are directly connected
to the SCC as a result of gene label randomization. The mean value of N?, is 16.02.
Bottom: Histogram of the number of periodic genes N[, that are reachable from the

SCC as a result of gene label randomization. The mean value of Nf, is 19.75.

In Fig. Bl we show the percentage of non-periodic genes involved to connect
the SCC to N, periodic genes,

an
Pop = np - (1)
PN
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Fig. 3. Histogram of p%,,, the percentage of non-periodic genes involved to connect the
SCC to N, periodic genes
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Fig. 4. Same as Fig. [[l however, for a gene label randomized network
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That means, Ny, is the number of non-periodic genes necessary to connect genes
from the SCC with periodic genes outside the SCC. Figure [l visualizes this
for the transcriptional regulatory network and Fig. Ml for a randomized version
thereof (see figure caption). For example, for Fig. [l Ny, = 9 (number of blue
nodes). The histogram in Fig.[Bis again the result of Ny = 1000 randomizations.
From Fig. [ follows that pg«RN’np = 0.068. Using this value as threshold to
calculate

1
Py = NE Zl(pgr)lp S pITZRN,np) (2)

P
Pnp

gives pp = 0.08f1. We want to remark that despite the fact that the largest
cluster consists for the randomized networks of less than 30 periodic genes (see
Fig. B)), in contrast to the TRN which consists of 132 periodic genes, this is a
quite low number indicating that by chance the expected number of non-periodic
genes necessary to obtain a connected cluster is larger. The fact, that non of the
randomized networks is capable connecting close to 132 periodic genes from the
SCC is even more striking and a strong indicator that our hypothesis is sensible
unraveling possibly an evolutionary mechanism underlying the yeast cell cycle.

5 Conclusions

In this paper we investigated the organizational structure of the transcriptional
regulatory network of yeast with respect to periodic genes. We started by as-
suming that the strongly connected component is playing a prominent role in
the regulation of periodic genes because only genes from the SCC can be found
on cycles - closed paths - and, hence, can be activated or deactivated cyclically
forming a kind of trigger for genes that occur not on cycles in the TRN. Ap-
plying our hypothesis we find a surprisingly compact subnetwork that spans
almost 80% of all periodic genes (Fig. ). By the randomization of gene labels
we could numerically demonstrate that this observed subnetwork and its consti-
tuting parts is unlikely to be formed by chance. This might be an indicator that
this connectivity pattern has been forged by evolution rather than accidentally.

We want to remark that the property cyclicity of a network has been already
previously used to study molecular networks meaningfully by separating proteins
in their structural domains [I0].
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3 In Eqn. B I() is the indicator function which is 1 if the argument is true and 0 else.
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