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1 Introducion
The genome of an organism plays a central role in the control of cellular pro-

cesses such as genetic regulation, metabolic pathway, and signal transduction. Usu-
ally, these processes are very complex and closely connected. In a cell environment,
cells use a number of mechanisms to regulate their metabolism to adapt to changing
environments.

Metabolism is regulated by controlling the amounts of enzymes, the catalytic
activities of enzymes (Figure 1). The amount of a particular enzyme depends on both
its rate of synthesis and its rate of degradation. The level of most enzymes is adjusted
primarily by changing the rate of transcription of the genes encoding them. The cat-
alytic activity of enzymes is controlled in several ways, especially allosteric control is
the most important. Several of these regulatory mechanisms are used simultaneously
in many biological systems. One of the most intensely studied bacterial pathways is
the pathway of tryptophan biosynthesis. The pathway of tryptophan biosynthesis is
regulated by feedback inhibition. Tryptophan is the effector molecule for allosteric
enzyme. When the end product of the pathway (tryptophan) attaches to enzyme,
the enzyme is inactive and can no longer join glutamine and chorismic acid into an-
thranilate. If tryptophan is disjoined from the enzyme the pathway is resumed, and
tryptophan synthesis will continue. Tryptophan biosynthesis is also regulated at a
genetic level by the processes of enzyme repression. Tryptophan does so by binding
to an allosteric (non-active) site on the tryptophan repressor. This alters the shape of
the repressor protein so that the operator blocks the attachment of RNA polymerase
to the promoter.

In this reason, to understand the real control principal of metabolism, it is nec-
essary to consider the diverse regulation roles of metabolism. With the development
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Figure 1: Various types of regulation mechanism

of biological high-throughput technologies allows a chance to understand broad pic-
ture of biological process by combining different levels of data. Transcriptome data
provide an overview of the global regulation in the metabolism. Integrating genetic
transcriptome data and functional metabolism makes it possible to understand cell’s
response against a specific condition in a concrete manner.

Several works have studied the significant roles of genetic transcriptional reg-
ulation in regulation of metabolism in the view point of joint process. (Covert,
et al., 2004; Covert and Palsson, 2002; Covert and Palsson, 2003; Ideker, et al.,
2001; Yeang and Vingron, 2006) have identified the new links between metabolites
and transcriptional factors. (Patil and Nielsen, 2005) analyzed the coregulated sub-
networks and reporter metabolites which correspond to specific conditions of mi-
croarray experiment. (Ihmels, et al., 2002; Ihmels, et al., 2004) integrated the two
system with the aspect of regulation of metabolic enzymes. (Cakir, et al., 2006)
identified reporter reactions, which are reactions where there are significant coordi-
nated changes in the level of surrounding metabolites and combined the results with
transcriptome data.

However, previous works mainly concentrated on the aspect of transcriptional
regulation of metabolic enzymes, it is still insufficient to understand the real mech-
anism of metabolic regulation. To address this problem, we propose an analyzing
method which quantifies the regulation effects of enzyme regulation to find signifi-
cantly changed reactions in perturbation environments.

In our study, significance scores of metabolites which act as a regulator is quan-
tified based on the z-scores of its neighboring enzyme gene by integrating metabolic
pathway topology information and transcriptome data (See method). The basic hy-
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pothesis of our work is that the change of concentration of metabolites, and the regu-
lation responses of metabolic reactions can be quantified by using the network topol-
ogy of metabolism.

2 Method
2.1 Microarray data

We used microarray examination of Escherichia coli K-12 strains grown in ei-
ther aerobic or anaerobic conditions in M9 minimal media supplemented with glu-
cose (Covert, et al., 2004). This data set is originally generated to investigate the
changes of global gene expression in E. coli during an oxygen shift. We used sam-
ples that are produced under aerobic growth of wild-type strain on M9 media with
glucose, anaerobic growth of wild-type strain on M9 media with glucose.
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Figure 2: System overview

2.2 Network topology integration
It is necessary to merge transcriptional regulation information, enzyme regula-

tion information and metabolic reaction information to understand overall regulation
roles of metabolic pathway. Integrating the network topology of transcriptional reg-
ulatory network and metabolic pathway can be accomplished by making connections
between enzyme proteins for metabolic reactions and genes which translate those en-
zyme proteins. Combing enzyme regulation information and metabolic pathway can
be finished by adding binding relations as regulators from metabolites to enzymes.
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We have collected transcriptional regulation information, enzyme regulation infor-
mation, metabolic reaction information from the Ecocyc database (Keseler, et al.,
2005) which is a bioinformatics database that describes the genome and the biochem-
ical machinery of E. coli K-12 MG1655. Through integrating these three different
information sets, topologically integrated network like figure 3 can be obtained.
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Figure 3: Topologically integrated network

2.3 T-test and z-score
The significance of the change in the expression levels of genes between two dif-

ferent conditions (e.g. aerobic and anaerobic) was calculated by applying student’s
t-test and gained p values. Every pi of a genei is transformed to a z-score which
follows a standard normal distribution by using the inverse normal cumulative distri-
bution (θ−1). A higher z-score stands for more significantly changed gene expression
of a gene in a perturbation.

Zi = θ−1(1− pi)

Scoring regulation effects
Even if we can know all possible regulation information, not all regulation ac-

tions are responding at every moment of cell life or perturbation environments. In
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this reason, it is necessary to quantify the regulation effects of two different regu-
lation mechanisms to find significantly changed reactions in perturbation environ-
ments. To do quantify such regulation scores among transcriptional regulation and
enzyme regulation, we begin by examining z-scores of genes (Figure 4). To identify
the significant score of enzyme regulation, significance scores of metabolites which
act as a regulator is quantified based on the z-scores of its neighboring enzyme gene
(Patil and Nielsen, 2005). An aggregate z-score of metabolite (zm) of k neighbor
enzyme genes:

zm =
1√
k
∑zi, z′m =

zm−µk

σk

Because zm scores are depend on the size of k, zm scores are needed to be cor-
rected (z′m) for the background distribution using mean (µk) and standard deviation
(σk) of z-scores of sets of k genes which are obtained by random sampling from the
same microarray data set. To gain mean (µk) and standard deviation (σk) value from
random data, we repeated the scoring algorithm 2000 times for each k.

Figure 4: Regulation scoring scheme

3 Results
In this work, we quantify the regulation effects of two different regulation mech-

anisms to find active (significantly changed) reactions in perturbation environments
from microarray experiments of Escherichia coli K-12 strains grown in either aerobic
or anaerobic conditions and integrated network.

The cellular respiration is the mechanism that cells use to harvest energy and we
divide the process into three stages. The first two stages of cellular respiration, gly-
colysis and the TCA cycle, are energy-releasing processes that break down glucose
and other organic fules. Glycolysis begins repiration by breaking glucose into two
molecules of a compound called pyruvic acid. The TCA cycle completes the break-
down of glucose by decomposing a derivative of pyruvic acid to carbon dioxide. The
third stage of cellular respiration is the electron transport chain. The electrons from
NAD(P)H and FADH2 are transferred to the electron transport chain in respiring or-
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ganisms, with the formation of ATP. In fermentation cells, the NADH is reoxidized
by an organic acceptor that is generated during catabolism.

Aerobic and anaerobic respirations are similar processes. Both depend on an
electron transport chain to form a proton gradient that can be used to generate ATP.
The chains themselves and their yield of ATP differ somewhat. But the critical dif-
ference is the terminal electron acceptor. In aerobic respiration, oxygen accepts elec-
trons and is reduced to water. In anaerobic respiration, another compound is reduced
by accepting these electrons. Compounds that can act as a terminal electron acceptor
in anaerobic respiration include sulfate, nitrate, fumarate, and trimethylamine oxide.

By applying our method, we obtained the results that are consentaneous with the
biological backgrounds which are stated above. Table 1 shows metabolite regulators
with significant z-scores (z′m). Many metabolites (e.g. ATP, ADP, NADH, NAD,
SUC, ACETYL-coA, etc) that appear in cellular respiration processes are detected
as significantly responding metabolites. (See supplementary data 1 for a full list of
z-scores of metabolites.)

Table 1: Metabolite regulators with significant z′m score (p < 0.0003)
Environmental perturbation (aerobic vs. anaerobic)
Metabolite # neighbor

genes
z-score p-value Metabolite # neighbor

genes
z-score p-value

ATP 431 8.090 0 O2 48 4.831 0
ADP 360 8.053 0 NO2 24 4.355 0
Pi 371 7.731 0 isocitrate 4 3.864 0.0001
SUC 34 6.807 0 CIS-

ACONITATE
4 3.654 0.0001

NADH 94 6.061 0 NH3 69 3.639 0.0001
FORMATE 28 6.053 0 L 13 3.567 0.0002
MAL 12 5.872 0 FH4 13 3.478 0.0003
NAD 100 5.781 0 CH3 9 3.457 0.0003
CoA 64 5.658 0 Ac-CoA 45 3.446 0.0003

Among 5220 metabolic reactions in Ecocyc, 258 distinct reactions are regulated
by one or more metabolite regulators which showed significance change (p < 0.05).
Figure 5 shows the metabolic pathway names and the numbers which tell how many
reactions are involved in that pathway among 258 reactions.

In this paper, we suggest a method to quantify the regulation effects enzyme
regulation by metabolite regulator to find significantly changed reactions in perturba-
tion environments of aerobic vs. anaerobic. The results show that metabolites which
are related with the cellular respiration are significantly changed and we get the list
of significantly regulated pathways which are regulated by metabolite regulators.
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