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Abstract This paper describes the use of a discrete
mathematical model to represent the basic mechanisms of
regulation of the bacteria E. coli in batch fermentation. The
specific phenomena studied were the changes in metabolism
and genetic regulation when the bacteria use three different
carbon substrates (glucose, glycerol, and acetate). The model
correctly predicts the behavior of E. coli vis-a-vis substrate
mixtures. In a mixture of glucose, glycerol, and acetate, it prefers
glucose, then glycerol, and finally acetate. The model included 67
nodes; 28 were genes, 20 enzymes, and 19 regulators/biochemical
compounds. The model represents both the genetic regulation
and metabolic networks in an integrated form, which is how
they function biologically. This is one of the first attempts to
include both of these networks in one model. Previously, discrete
mathematical models were used only to describe genetic
regulation networks. The study of the network dynamics
generated 8 (2°) fixed points, one for each nutrient configuration
(substrate mixture) in the medium. The fixed points of the
discrete model reflect the phenotypes described. Gene expression
and the patterns of the metabolic fluxes generated are described
accurately. The activation of the gene regulation network depends
basically on the presence of glucose and glycerol. The model
predicts the behavior when mixed carbon sources are utilized
as well as when there is no carbon source present. Fictitious
jokers (Jokerl, Joker2, and Repressor SdhC) had to be created
to control 12 genes whose regulation mechanism is unknown,
since glycerol and glucose do not act directly on the genes.
The approach presented in this paper is particularly useful to
investigate potential unknown gene regulation mechanisms;
such a novel approach can also be used to describe other gene
regulation situations such as the comparison between non-
recombinant and recombinant yeast strain, producing recombinant
proteins, presently under investigation in our group.

*Corresponding author
Phone: 56-2-978-4284; Fax: 56-2-699-1084;
E-mail: juasenjo@ing.jchile.cl

Keywords: Discrete model, metabolic networks, genetic
regulation

Metabolic and genetic regulation networks are complex,
dynamic systems that are constantly interacting. Changes
in concentration levels of components of the metabolic
pathways provoke changes in gene expression in the cells.
These changes in gene expression result in alterations in
enzyme levels and also affect their activity and thus
metabolic fluxes. In the last few years, new technologies
have been developed that permit the generation of
massive amounts of data about genetic regulation and
metabolic networks. These technologies include microatrays
(gene expression) and metabolic flux analysis (metabolic
pathways). Previously, discrete mathematical models had
mainly been applied to genetic regulation networks, but
most behavior finally depends on the metabolism. Recently,
there have been developments in this area; for example,
models have been built to find correlations between
biochemical effectors and morphogenesis [1] and to
investigate the existence of unknown components in a
gene regulation network [2—4, 12]. Covert and Palsson [6]
have described a constraint-based model that is one of the
few that integrates metabolic pathways and gene regulation.
There exists sufficient “know how” to attempt the simultaneous
simulation of genetic regulation and a metabolic network
that will allow a better understanding of the interactions
within a cell and also of the data generated by gene expression
microarrays and metabolic flux analysis.

This paper describes the use of a discrete mathematical
model to represent the mechanisms of regulation of the
bacteria E. coli in batch fermentation. E. coli can use
various substrates as energy and metabolite sources, but
shows distinct preferences between different substrates.
The specific phenomena studied were the changes in



metabolism and genetic regulation when the bacteria use
three different carbon substrates (glucose, glycerol, and
acetate) and mixtures of the three. Experimental values
obtained in microarray experiments by Oh and Liao [16];
and values found by Holms [10] for the metabolic fluxes
were used to develop this model.

METHODS

The use, by E. coli, of different carbon sources was
studied, where an extracellular concentration of 40 mM for
each substrate was considered. The metabolic pathways of
glycolysis and the citric acid cycle and the genetic
regulation associated with these pathways were analyzed.
Fig. 1 shows the pathways and enzymes involved. E. coli
adapts its metabolism to the available carbon source.
When presented with a mixture of carbon sources (for
example, a medium containing glucose, glycerol, and acetate),
E. coli will show a distinct preference for one substrate
over the others, where glucose is always used before
glycerol or acetate and glycerol before acetate (Liao, 2002,
personal communication). This is associated with genetic
regulation, which forces the cell to metabolize the substrates
in the most efficient way. The different directions of the
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Fig. 1. Metabolic pathways of glycolysis and the citric acid
cycle in E. coli and the enzymes involved in each step.
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fluxes depend on whether the reactions take place in the
direction of the products or the reactants.

Metabolic Fluxes on Glucose
Fig. 2 shows the direction of the fluxes when glucose is
used as the carbon source in glycolysis and the TCA cycle.
Glucose enters the cell through the PTS system, which is
briefly described later. A detailed description of the glycolysis
can be found in standard textbooks [15]. Enzyme names
can be found in the Nomenclature section. PEP is a very
important component in this pathway, as it is the branch
point of 2 pathways; one from PEP to OAA and the other
from PEO to PYR. The transformation of PEP to OAA
is catalyzed by phosphoenolpyruvate carboxylase (Ppc)
and, simultancously, the inverse reaction is catalyzed by
phosphoenolpyruvate carboxykinase (PckA). The net flux
of these 2 reactions is from PEP to OAA. In the pathway
PEP to PYR, the enzymes pyruvate kinases I and II (PykF
and PykA, indicated as Pyk in Fig. 2) are responsible
for catalysis and the reverse reaction is catalyzed by
phosphoenolpyruvate synthetase (Pps). The net flux is
from PEP to PYR. When glucose is used as a substrate, the
glyoxylate shunt of the TCA cycle is not used.

Acetate is produced during growth on glucose as one of
the principal secondary products of fermentation. The first
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Fig. 2. Direction of metabolic fluxes obtained when E. coli uses
glucose as a carbon source.
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Fig. 3. Direction of the metabolic fluxes obtained when E. coli
uses glycerol as a carbon source.

The fluxes are expressed as the ratio between growth on glycerol and
growth on glucose. These values were taken from Holms [10]; a=unknown
flux, b=flux cannot be separated from the reverse reaction catalyzed by
another enzyme.

enzyme in the pathway is acetyl phosphate transferase (Pta),
which converts AcCoA to Ac-P, which is then transformed
to acetate by the enzyme acetate kinase (AckA).

Metabolic Fluxes on Glycerol

The internal metabolite concentrations and the metabolic
fluxes are lower when glycerol is used as a substrate [10],
as shown in Fig. 3 (fluxes are shown as the ratio of flux on
glycerol compared with flux on glicose). This is because E.
coli does not metabolize glycerol as easily as glucose. The
entry of glycerol into the pathway is via transformation to
G3P catalyzed by glycerol kinase (GIpK). The G3P is a
substrate for the production of glucose (flux direction is
reversed compared with Fig. 2) and glycolysis leading to
the TCA cycle. In this case, the glyoxylate shunt is active.

Metabolic Fluxes on Acetate

The biggest changes in flux compared with growth on
glucose occur when E. coli is using acetate as a carbon
source (Fig. 4). The utilization of acetate is more complex
than that of glucose or glycerol, as acetate enters in the final
stages of glycolysis and the gluconeogenesis pathway is
also more complicated. Acetate enters the pathway via Ac-
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Fig. 4. Direction of the metabolic fluxes obtained when E. coli
uses acetate as a carbon source.

The fluxes are expressed as the ratio between growth on acetate and growth
on glucose. These values were taken from Holms [10]; a=unknown flux,
b=flux cannot be separated from the reverse reaction catalyzed by another
enzyme.

P and AcCoA. The major changes in flux compared with
glucose are higher fluxes in the glyoxylate shunt that
produces OAA that is used to produce PEP which is then
used to produce glucose. In the case of acetate utilization,
the net flux is from OAA to PEP [16].

Efficient Adaptation: Regulation of the Amount of Active
Enzymes

In E coli, the amount of active enzymes is regulated
depending on the substrate being consumed. Enzyme
activity is controlled in 2 ways; by modification of the
expression of the enzyme and by effectors or inhibitors.
The regulation of the amount of mRNA produced is the
principal control mechanism, and the quantities produced
vary depending on whether glucose, glycerol, or acetate is
being used as the carbon source. Oh and Liao [16] studied
the expression of mRNA using microarray assays of E.
coli growing on those 3 substrates.

Fig. 5 shows the transcription levels and metabolic fluxes
of genes involved in the metabolism of glycerol compared
with those of glucose in glycolysis and the TCA cycle. The
flux ratios are close to 1 in most cases, indicating that the
metabolism of glycerol is similar to that of glucose, and
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Fig. 5. Glycolysis and the TCA cycle: Transcription levels [16]
and metabolic fluxes [10] of the genes involved in glycerol
metabolism compared with those involved in glucose metabolism.

only a few reactions are different. Some enzymes of the
TCA cycle are overexpressed to supply the necessary
metabolites. The enzymes of the PT (phosphotransferase)
system are inactive when the substrate is glycerol, as this
system is not used.

Fig. 6 shows the transcription levels and metabolic
fluxes of genes involved in the metabolism of acetate
compared with those of glucose in glycolysis and the TCA
cycle. In this case many of the enzymes associated with
glycolysis are underexpressed. Two enzymes of the
gluconeogenesis pathway, Fbp and PckA, are overexpressed
when acetate is used as a substrate. Enzymes of the TCA
cycle and the glyoxylate pathway are also overexpressed.

Mechanisms and Characterization of the Gene
Regulation Network

To simulate the behavior shown in Figs. 5 and 6, the
mathematical model must take into account the regulatory
mechanisms. Mechanisms include components that increase
or inhibit enzyme activity, enzymes that enhance or
inhibit the activity of other enzymes or messengers, and
components that affect the genome to induce or repress
gene expression. The first 2 are allosteric regulation
mechanisms (change enzyme activity) and the third is
a mechanism of gene expression regulation. Of the gene
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Fig. 6. Glycolysis and the TCA cycle: Transcription levels [16]
and metabolic fluxes [10] of the genes involved in the
metabolism of acetate compared with those involved in glucose
metabolism.

regulation network studied here, some regulate a group of
genes or enzymes, and others only single elements. In the
PT system, the fructose repressor (FruR) and cyclic AMP
(cAMP) regulate the expression of a large number of
enzymes. The PT system is very important in the initial stages
of glycolysis; it contains 4 enzymes and their expression is
controlled by the global repressor Mlc [11, 13, 21].

Cyclic AMP is a repressor that acts when concentrations
of extracellular glucose are low. This system has 3
elements; cAMP, CyaA, and a cAMP receptor protein
(Crp). CyaA is an enzyme that catalyzes the production
of cAMP and is regulated by EIIAGlc and G3P [8].
The level of cAMP varies with different carbon sources;
its level is minimal with glucose, intermediate with
glycerol, and maximal with acetate. The cAMP receptor
protein detects the concentration of cAMP and acts on the
genes activating or deactivating their expression. In the
metabolic pathways studied here, the proteins regulated
by ¢cAMP.Crp are AcnB [7], FumA, FumC [18], and
Mdh [17].

Another mechanism of regulation is that dependent on
a fructose repressor (FruR). The FruR activates the
transcription of various genes that are used in the
metabolism of substrates other than glucose, and inhibits
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the transcription of genes producing enzymes used in the
metabolism of glucose [5, 14]. The activity of FruR is
inhibited by F1,6P and F6P, as these compounds are
present in high concentrations during the metabolism of
glucose, and FruR is inactivated. When glycerol is used as
substrate, the activity of FruR is intermediate, and when
the substrate is acetate, it is high [14, 19].

Model System

The objective of this research was to develop a discrete
mathematical model to represent mechanisms of metabolic
regulation in E. coli. The phenomenon studied was the
changes in the genetic regulation network and the metabolic
network when E. coli uses different carbon sources in
batch fermentation. E. coli adapts to its nutrient environment;
its metabolic fluxes and quantity of enzymes expressed
depends on the available carbon source. In Figs. 2, 3, and
4, the metabolic fluxes associated with the use of each
carbon source has been described; glucose, glycerol, and
acetate, respectively.

The methodology consists of the model definition and
the study of its dynamics. The model definition includes its
components: the variables and their activation functions.
We have studied the fixed points of the model in order to
understand its phenotypes.

Model Definition

The model represents two networks that interact between
them: the gene regulation network and the metabolic
network. The behavior of both is determined by the carbon
source used; these are represented in the system by the
biochemical compounds of the metabolic network.

Definition of Variables and States

Carbon Sources. The three carbon sources are represented
by the variables X,ceuer Xaiycero 3N Xgueose I all three
cases, the value 0 means that the carbon source is not
available in the medium. The model incorporates biological
knowledge on the global phenomena, which can be
summarized as Xgjycose™Xgiycerol Xaceme:  1HIS 1S Why  the
presence of the carbon source is represented by X,eeme=1,
XGiyeerol=2> ANd X1,00=3 fOr each case.

Gene Regulation Network. The nodes that are part of
the gene regulation network are genes and expression
regulators. To each gene (pgi, fba, fbp, etc.), a variable
(Xpei> Xtbas Xpop» €1C.) that reaches the states 1 and -1 has been
associated. 1 indicates a high gene expression, whereas -1
indicates a low expression, and the activation function
depends on the expression regulators. To the regulators
(FruR, cAMP, Crp, etc.), a variable (Xgng, Xeamp Xcrps ©1C.)
that reaches the values {0, 1, 2, 3} has also been
associated. These values reflect the concentration of the
regulators when there is no carbon source or when a
particular carbon source is being utilized.

Metabolic Network. The nodes that are part of the
metabolic network are biochemical compounds and
metabolic fluxes. The biochemical compounds (F6P, PEP,
G3P, etc.) have a variable associated to them (Xgp Xppp
Xgp €tc.) that reaches the values {0, 1, 2, 3}. These values, as
well as the expression regulators, reflect the concentrations
reached with the different carbon sources. The model only
included the biochemical compounds that interact with the
gene regulation network, F6P, F1, 6P, G3P, and ICT. The
metabolic fluxes are related with the enzymes of the
metabolic network (Pgi, Fba, Fbp, etc.), and they correspond
to the reaction rates of these. The variables associated to
the metabolic fluxes (Xpy, Xpyar Xppp> €tC.) reach the values
{-3, -2, -1,0, 1, 2, 3}. 0 means zero flux, 1 corresponds
to the flux reached using acetate, 2 to the flux reached
using glycerol, and 3 to the flux reached using glucose.
The positive values represent fluxes that follow the sense
of reaction defined for the enzyme, and the negative ones
those in the opposite sense of reaction.

Integration of Gene Regulation and Metabolic Networks
This integration occurs in two ways:

- gene regulators depend on the concentration of the
biochemical compounds, and

- enzymes, represented by the metabolic fluxes, require
that the gene expressing them is active.

This integration is shown in the activation functions

of the variables, which are defined in the following
paragraphs.
Unknown of “Fictitious” Regulators. The literature to
date describes many of the interactions between the different
compounds, which allowed the mechanistic description of
most of the network. However, some specific genes did not
have sufficient documentation regarding their specific
regulators, which made it necessary to generate unknown
or “fictitious” regulators.

Table 1. Fictitious regulators associated with genes whose
mechanism of regulation is unknown.

Gene with unknown
mechanism of regulation

Fictitious
regulator

Jokerl ackA
fba
Jumb
gltd
pgi
ppe
pta
tpid
gapA
pykA
sdhC

sucA

Joker2

RepSdhC




Table 2. Values reached by the fictitious regulators with each
carbon source.

Fictitious regulator Variable Glucose Glycerol Acetate

Jokerl X oer] 2 1 0
Joker2 Xjoker2 0 1 0
RepSdhC XRepSdhC 2 1 0

Three fictitious regulators were generated in order to
explain the “undocumented” regulation of some genes in
the network; these are Joker1, Joker2, and RepressorSdhC.
Regarding the first two, no reference in the literature could
be found and they were created for this model. Jokerl
and Joker 2 regulate genes whose expression is activated
or repressed in the presence of glucose and glycerol.
RepressorSdhC represents an unknown “intermediary” that
represses SdhC and SucA in the presence of glucose [20];
its activation depends on EIICBGlc. Table 1 shows the genes
whose regulation could not be explained with literature
data, and the fictitious (unknown) associated regulator.
Table 2 shows the values reached by the fictitious regulators
with each carbon source.

In the next section, the activation of the unknown or
“fictitious” regulators is described as well as those of all
the elements of the network. Finally, the logical activation
functions are assigned to all the elements of the network.
Activation of Regulators and Biochemical Compounds.
These elements are the ones that show which carbon
source is being utilized and determine the regulation of the
gene and metabolic network. The following list describes
how these elements reach the different values.

¢ EIICBGIc (Xgjcpgi€ {0, 3}) activated (Xgpepg=3) means
that it is dephosphorylated; this occurs in the presence of
glucose (Xgpeose=3) in the external medium. Xpyepe=0 in
other cases.

¢ EITAGIc (Xgpagie€ {0, 1}) active (Xgpage=1) means that
it is dephosphorylated; this occurs when EIICBGlc is
activated. Xppaq=0 in other cases.

® Mle (xy.€{~1, 1}) is activated (x,=1) if it is free;
Mlc is inactivated (x,,=—1) when it is captured by active
EIICBGlc.

® G3P (Xgpe{0, 1, 2, 3}) depends on the metabolic
fluxes that are generated as a product of the reaction:
GapA, GIpK, and Fba. The concentration reached by G3P
corresponds to the maximum of these fluxes. For example,
if Xgapa=—1, Xg1px=2, and xp,,=3, then Xg5=3.

® Cya (X¢.€10, 1, 2}) reaches a state of maximum
activation (X¢,=2) when EITAGIc is phosphorylated and
with low concentrations of G3P (xg3;=0, 1). Cya is
partially activated when EIIAGlc is phosphorylated and
G3P is generated in intermediate or high concentrations
(Xg3p=2, 3). Cya is inactive (x.,=0) when EITAGlc is
dephosphorylated.

® Crp (Xcp=1) is always active and present in the model.
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o cAMP (x.anp<{0, 1, 2}) depends directly on the
activity of the enzyme Cya. This means that if X¢,,=0 then
Xeame=0; if Xcy,=1 then x 4p=1, and if X, =2 then X p=2.

® cAMP.Crp (X.ampcp€ {0, 1, 2}) is formed depending
on the concentration of X_,p» and reaches the same values.

® FOP and F1,6P (Xpep X1 ep€ {0, 1, 2, 3}) depend on the
metabolic fluxes that are generated. In the case of X, the
metabolic fluxes that influence its formation are Pgi (xp,),
Fbp, and PfkA (these last two represented by Xpg,, as they
catalyze the same reaction). The concentration reached by
F6P corresponds to the maximum flux of these enzymes. In
the case of F1,6P, its concentration is the maximum allowed
by the fluxes of the enzymes Fba (x,,), Fbp, and PfkA (xpg4).

e FruR (xp,€ {0, 1, 2}) is totally active (xp,z=2) when
the concentrations of F6P or F1,6P are low (Xggp Xp 65=0, 1).
1t is partially inhibited (xp,z=1) at intermediate concentrations
(Xpsp Xprep=2) and totally inhibited (xp,z=0) at high
concentrations (Xep X 6p=23)-

o ICT (x40, 1, 2, 3}), its concentration depends
directly on the enzyme AcnB. When the flux through this
enzyme is high, the concentration of ICT will also be high.

¢ The enzyme AceK (X,.x<{-1, 1}) has both kinase
and phosphatase activities. AceK is active (x,..x=1) when
kinase activity predominates, and is inactive in the opposite
case (X4eq=—1). The activity of AceK is regulated by ICT and
(G3P: the greater the concentrations of these, the lower is
the kinase activity and the greater the phosphatase activity.

o Jokerl (X €140, 1, 2}) reaches its maximum activity
(Xjoen=2) when glucose is present in the medium. It
reaches an intermediate level when glycerol is present
Xjoen=1) and is inactive (X;,.;=0) when neither of these
carbon sources is present.

o Joker2 (Xiuen€{0, 1}) is activated (Xjye=1) when
only glycerol is present in the medium, and is inactive
(Xjoker1=0) in other cases.

¢ RepressorSAhC (Xgepressorsanc€ {0, 1, 2}) depends on
EIICBGIc and on the presence of glycerol. RepressorSdhC
reaches its maximum state of activation (Xpepressorsanc=2)
when EIICBGIc is active. It reaches an intermediate state
(XRepressorsanc=1) When glycerol is present in the medium and
EIICBGlc is inactive.

Activation of Genes. The following list shows the genes
regulated by the mechanisms described and a description
of this regulation. All genes reach the states {-1, 1}, where
-1 shows low expression and 1 shows high expression.
Regulated by PTS:

o pisl (Xyu1)> PISH (Xpyspr), €17 (Xopr), and ptsG (X). Their
expression depends on the presence of cAMP.Crp and
fundamentally on the concentration of Mle. This group of genes
is repressed when the concentration of free Mlc is high.

® gapA (Xgp) 1s activated when EICBGIc is
dephosphorylated or when there is glycerol in the medium.
gapA must depend on Joker2 to explain its activation in
glycerol.
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Regulated by Jokerl:

o ackA (X,.4) is controlled by Jokerl, as its regulation is
not sufficiently well documented. ack4 is activated when
glucose is present in the medium, which is equivalent with
Joker1 being in its maximum state of activation.

e fba (Xg,). Its expression is high when the cell uses
glucose or glycerol as carbon source, which is when
Jokerl reaches high activation states.

¢ fumB (Xg,p). This gene is activated when the only
carbon source is acetate, which is when Jokerl is inactive.

® gltAd (Xg,) is inactivated when Jokerl is active at its
maximum level, which is when glucose is present in the
medium.

® pgi (Xpg)s PPC (Xppe), PPA (Xy), and 1pid (Xy5) are inhibited
when Jokerl1 is in the minimum level of activation.
Regulated by Joker2:

® pykA (X,,) is only active when E. coli uses glycerol
as carbon source, when Joker? is active.

® gapA (Xg,a); this gene depends on EIICBGlc and
Joker2. gapA is activated when Joker2 is activated or
EICBGlc is activated.

Regulated by cAmp.Crp:

® acnB (X,.p) is regulated by cAMP.Crp; its expression
increases when the level of cAMP.Crp are high.,

¢ fumA (Xgma) is activated when cAMP.Crp is active.

o fumC (Xgme) and mdh (X,q) are activated when the
levels of cAMP.Crp are maximum.

Regulated by FruR:

® /bp (X4,) and pps (X,,,). Their expression is activated
when the level of FruR is maximum.

e aced, aceB, and aceK. The expression of the ace
operon, which includes aced (X,..5), aceB (X,.z), and acekX
(X.ek) 1 activated when FruR is active.

® pckA (X,q.4) 18 activated when FruR is active.

* pfkA (Xy) and pykF (X,,5) are inhibited when the
fevel of FruR is maximum.

Regulated by RepressorSdhC:

o sdhC (X4,c) 1s activated when RepressorSdhC is at the
minimum level of activation.

® sucA (X, ) is inhibited when RepressorSdhC is at the
minimum level of activation.

Activation of Metabolic Fluxes. The following list shows
under which conditions the enzymes of the metabolic network
catalyze the reactions and the direction of these fluxes.

® AceA (Xpces) The flux of this enzyme is one way and
depends on the flux of the enzyme AcnB and that the gene
aceA is active.

® AceB (Xup)- Its flux is one way and depends on the
flux of AceA and that aceB is active.

® AckA (X5qa)- Its flux is bidirectional and, therefore,
depends on the flux of Pta and on the presence of acetate in
the medium (X, o0 )-

e AcnB (X,5)- The flux of this enzyme is unidirectional
and depends on the flux of GltA.

o Fba (Xp,)- Its flux is bidirectional and depends on the
fluxes of PfkA, GlpK, and GapA.

o Fbp and PIkA are represented by the same variable
(xppa) as they catalyze the same reaction, but in opposite
directions. Their flux depends on Pgi and Fba.

e FumA, FumB, and FumC are represented by the
variable (Xg,,), as these three enzymes have the same
function. Their flux depends on the flux of SdhC.

e GapA (Xg,,) has a bidirectional flux and depends on
GlpK, Fba, PckA, and Pps.

e Glpk (Xg) has a unidirectional flux and is only
active when glycerol is present (Xgjycerr) in the medium.
It is inhibited by high levels of F1,6P and by active
ENAGIc.

o GItA (Xgpa) has a unidirectional flux that depends on
the flux of Pta and Pfl.

o IcdA (x144) has a unidirectional flux that depends on
the flux of GItA and on the activity of AceK.

o Mdh (xyq) has a unidirectional flux that depends on
the fluxes of AceB and Fumarases (Xp,,). Its activity is
controlled by the expression level of the gene mdh.

o PckA (Xpya) has a unidirectional flux that depends on
the fluxes of Mdh and Ppc. Its activity is controlled by the
expression level of the gene pckA.

o Pfl (xp) has a unidirectional flux that depends on the
fluxes of PykF and PykA (Xpy).

- o Pgi (Xp,) has a unidirectional flux that depends on
EIICBGIc being active and on the flux of PfkA.

® Ppc (xp,) has a unidirectional flux that depends on the
fluxes of GapA and Pps, and the gene ppc.

® Pps (xp,s) has a unidirectional flux that depends on the
flux of PykF and PykA, and on the gene pps.

e Pta (x,,,) has a bidirectional flux and is dependent on
the fluxes of Pfl and AckA.

e PykF and PykA, represented by Xy, have unidirectional
fluxes that depend on the flux of GapA and the expression
of one of the genes pykF or pykA.

o SdhC (Xgqc) has a unidirectional flux that depends on

the flux of AceA and the expression of sdhC.
Logical Activation Functions. The logical activation
functions represent the interactions and the way the
activation states were determined for each element of the
network; they are described in Table 3. The following
functions were used to build the logical functions:

o Max (x4, X5, ..., X,) gives the maximum of a set of n
values.

e Min (x;, X, ..
values.

¢ MaxFlux (x,, x,} distinguishes which variable has
the highest absolute value, when x>0 and x,<0; it is
defined as

., X,) gives the minimum of a set of n

s i [x1] = [ }

MaxFlux(x,, x,)= ’
X, in other cases



Table 3. Logical functions of the elements of the model.
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Number Name Variable Formula
1 aceAd XaceA Xocea=8igN_1(Xpr—1.1)
2 AceA X ace X peer=S1200(Xacnp * Xocea=0.1)
3 aceB Xacen Xoeep=81gN 1 (Xpg—1.1)
4 AceB XAceB Xacep=SIBN0(X pcen * Xoeen=0.1)
5 acek Xacek Kacex =810 _1(Xpp—1.1)
6 AceK X pcek Xacer=51gn_1(sign0(X e ) * 8ign0(0-x,cp * Xg3p)=0.1)
7 Acetate X Acetate X Acetate” XAcetate
8 ackA XockA Kaca=S180_1(Xygpeer = 1.1)
9 AckA X AckA Xy ga=MaxFlux(Max(Xp, 0), Min(-X, e 0))
10 acnB X,penB Koenp=81E0_1 Xeamporp=1.1)
11 AcnB X AcnB XaenB~ XGla
12 cAMP XcAMP XoAMP—Xcya
13 cAMP.Crp X:AMPCrp XcAMPCrp XcAMP * Xerp
14 Crp Xcrp Xep=1
15 crr Xerr Xer=(—Xpie) ¥ Signo(XcAMRCrp+0‘5)
16 Cya Xeya Xey=(1=Xgnact) * (14sign0(1-x63p))
17 EIIAGIc XEIAGI Xenaci=Sign0(Xecacre=0.1)
18 EIICBGle XENCBGIe XENCBGIc™ XGlucose
19 F1,6P XFy16p Xp1 g~ MaX(Xpras ~Xppa)
20 Fé6pP Xrop Xpep=Max(Xpg;s —Xpgca)
21 fha Xtpa Xpa=5180_1(Xjopen=0.1)
22 Fba Xrba Xpp=MaxFlux(Max(Xpqs, 0), Min(=Xg,x> Xgapas 0))
23 fop Xfop Xppp=5ign_1(Xpnp=1.1)
24 FruR XpmR Xpr=2-MaxFlux(MaxFlux(Xgep—1, Xpy o= 1), 0)
25 Sfuma Xfuma Xpuma=5180_1 (Xeamporp=0-1)
26 Sfumb Xsamb Xeump==51gN_ (X3 =0.1)
27 Sfumc X fume Keme=3180_1 (Xeampcrp—1.1)
28 Fum XFum Xpum— XSdhC
29 G3P XG3p X3~ Max(Xppas Xcipks ~Xaapas 0)
30 gap4 Xgaph XgaPA:Sign_] (sign0(Xgycagie=0- DX gern=0.1)
31 GapA XGapA Xoapa=MaxFlux(Max(Xgipks Xrpas 0), Min(~Xpexa> =Xpps» 0))
32 GlpK XGipK Xaipk=Max(Xgycerols 0) * (sign0(2-xg ¢p) * signO(2~Xpncpoi)
33 glta Xopta Ky=—Sign_1(Xyppen=1.1)
34 GItA XGia Xgia=Max(—Xp, Xpg, 0)
3 5 GIUCOSC XGlucose XGlucose™ XGiucose
36 Glycerol XGlycerol XGlycerof~ XGlycerol
37 ledA Xicda Xicaa™Xaenn * SIEN0(=Xacer)
38 ICT Xier Xjc1r=XAcnB
39 Jokerl Xjokerl Xyoker =S18N0(XGlucose=0-1 )+SignO(XGlucose+XGlycerol -0.1)
40 Joker2 X joker2 Xjokers=SIEN0(X gy cerot =X 6tucose=0- 1 )
41 mdh Xpndn Kmar=5120_1(Xcampcrp=1.1)
42 Mdh Xydh Xpnian=Max(Xaceps Xpam) ¥ 51800(Xpan)
43 Mile X Kue==sign_ 1 (Xenesere=0.1)
44 pckA Xpeka Xpers=sign_1(Xpng=0.1)
45 PckA Xpka Xpeea=MaxFIUX(Xyigns Xpper 0) * 81800(Xpe1c4)
46 prkA Xpka XPM=—sign_l Xpr—1.1)
47 PfkA Xpaa Xpgoa=MaxFlux(Max(Xpy;, 0), Min(Xgy,, 0))
48 Pfl Xpg Xpa=Xpyk
49 pgi Kpgi Xpp=sign_1 Kjoker1=0-1)
50 Pgi Xpgi xpgi:MaxFlux(xE”CBGIC, Min(Xpga, 0))
51 ppc Xppe Xppe=S1gN_1(Xjoper =0 1)
52 Ppc Xppe Xppe=MaX(Xgapar Xppss 0) * sign0(x,,)
53 pps X Xpps 81N 1(Xpeur— 1.1)

Pps
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Table 3. Continued.

Number Name Variable Formula
54 Pps Xpps Xpps=Spyic ¥ SIgNO(Xpp5)
55 pta Xpta Xpta=Sign_1 (XJokerl -0.1 )
56 Pta Xp Xpy=MaxFlux(xpg, Min(X, g4, 0))
57 pisG XpisG Xps==Xmic * SIgN0(X apperyt0-5)
58 pisH XptsH XptsH —XMic * Signo(XcAMP,Crp+O'5)
59 ptsl Xpts) Xpes ™ Xntie * sign0(X amperp0-5)
60 pykA Xpska Xpyka=S1Z0_1 (Xjoer=0.1)
61 Pyk Xpyk XPykzMaX(XGapA’ Xpear 0) * Signo(xpku+XpykA)
62 DPYKF XpokE Xpur=—5ign_1(Xgoz—1.1)
63 RepSdhC XRepsdnC Xpepsahc=S1ZN0(Xpncpgr—0-1 Y+sign0(Xencroic X ciyeer=0-1)
64 sdhC Xoghe Xeanc==81gN_1 (Xpepsanc=0-1)
65 SdhC Xsdhc Xsahc=Xacea * SIEN0(Xync)
66 sucA XncA Xaea™=S1g0_1(Xpepsanc—1-1)
67 tpia Xipia tiiaZSign_l (Xjoken=0.1)
) B 1.ifx>0 represent the genes and the metabolic fluxes, respectively.
* sign0 (x)= 0 in, other cases These tables also include the experimental values reached
’ by the enzymes and genes in each phenotype. In the case
o sion—1 :{ Lifx>0 } of the genes expressed, these correspond qualitatively to
gn—1 (x) e :
—1, in other cases the values obtained in microarray experiments by Oh and

Description of Phenotypes. The following step for
model definition is the description of the phenotypes
reached by the cell using the different carbon sources.
They correspond to the stable states the system reaches.
Tables 4 and 5 show the values of the variables that

Liao [16]; for the metabolic fluxes, the values found by
Holms [10] were used.

Table 6 shows the values of the variables that represent
the regulators and biochemical compounds in each phenotype.
These values are due to the fact that in glycolysis fluxes,
the highest values are obtained on glucose and the lowest

Table 4. Enzymes, associated variable, flux ratios, and value reached with each carbon source (phenotype).

. Glucose Glycerol Acetate
Enzyme Variable -
Flux ratio Value Flux ratio Value Flux ratio Value

AceA XaceA 1 0 a 0 a 1
AceB XaceB 1 0 a 0 a 1
AckA X Acka 1 3 a 2 a -1
AcnB X AcnB 1 3 1.39 2 4.30 1
Fba XFba 1 3 -0.08 -2 -0.05 -1
Fum Xpum 1 0 1.66 0 5.90 1
GapA XGapA 1 3 0.66 2 -0.09 -1
GIpK XGipk 1 0 a 2 a 0
GltA Xoita 1 3 1.39 2 430 1
ledA Xjeda 1 3 1.39 2 2.93 1
Mdh Xnidh 1 0 1.66 0 5.90 1
PckA Xpeka 1 0 b 2 0.93 1
PfkA Xpga 1 3 -0.08 -2 -0.05 -1
Pfl Xpn 1 3 0.61 2 0.00 0
Pgi Xpyi 1 3 -0.08 -2 -0.05 -1
Ppc Xppe 1 3 0.74 2 b 0
Pps Xpps 1 0 b 0 0.00 0
Pta Xpea 1 3 a 2 a -1
Pyk Xpyk 1 3 3.48 2 0.00 0
SdhC Xsdhe 1 0 1.66 0 5.90 1
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Table 5. Genes, associated variable, transcription ratios, and states reached with each carbon source.

. Glucose Glycerol Acetate
Gene Variable — -
Transcription ratio State Transcription ratio State Transcription ratio State

aced Xacer 1 -1 1.50 -1 20.00 1
aceB XoceB 1 -1 1.50 -1 20.00 1
acekK Xacek 1 -1 1.50 -1 20.00 i
ackA Xacka 1 | 0.40 -1 0.20 -1
acnB Xaonh 1 -1 1.40 -1 3.90 1
crr Xerr 1 | 0.40 -1 0.20 -1
Sfba Xia 1 1 1.00 1 0.30 -1
Jbp Xop 1 -1 0.90 -1 2.00 1
fuma Xfima 1 -1 2.60 i 5.40 1
Jumb Kfumb 1 -1 1.50 -1 2.70 1
SJumc Xfume 1 -1 1.50 -1 4.70 1
gapA XpapA 1 1 1.20 1 0.40 -1
glt4 Xgita 1 -1 3.60 1 4.50 |
mdh Xindn 1 -1 1.90 -1 4.00 1
pckA4 Xpeka 1 -1 3.00 1 4.20 1
pfkA XA | 1 0.90 1 0.30 -1
pgi Kpgi 1 1 0.90 1 0.50 -1
ppc Kppe 1 1 0.90 1 0.40 -1
pps Xpps 1 -1 0.90 -1 10.00 1
pta Xt 1 1 0.80 1 0.40 -1
pisG X156 1 1 0.30 -1 0.20 -1
ptsH XptsH 1 1 0.50 -1 0.40 -1
ptsl Xpist 1 1 0.50 -1 0.40 -1
pykA Xpeka 1 -1 2.20 1 1.00 -1
PYKF XpykF 1 1 0.80 1 0.50 -1
sdhC Xeghe 1 -1 1.40 -1 2.10 1
sucA X 1 -1 3.80 1 5.70 1
tpid Xeipa 1 1 0.90 1 0.30 -1

on acetate. TCA cycle fluxes do not follow this order. This
has been analyzed in detail in the discussion.

Study of the Model Dynamics

The study of the dynamics of the gene and metabolic
regulation network consists of finding the fixed points of
the network. They are related to the stable states that the
cell will reach and new information can be found from them.

To study the model dynamics, a computational programme
was created that included the variables and the activation
functions. The programme was built using Visual Basic for
Applications. The aigorithm used allowed the following:

e a definition of the nutrient configuration in the medium
(XAcetate7 XGlycemb and XGlucose)

 generation of random values (within the corresponding
bounds) for the rest of the variables of the network.

e generation of the configuration vectors by updating in
parallel the activation state for each element of the network
using the activation functions.

This process continued until a fixed point or a cycle was
reached in the dynamics of the network; the fixed points
(stable states) were stored and afterwards compared with

the experimental data. For each nutrient configuration in
the media, (2°) 100,000 random vectors were generated
and the results obtained are shown in the next section.

MobpEL RESULTS

Model Dynamics

The model produced 67 nodes: 28 were genes, 20 enzymes,
and 19 regulators/biochemical compounds. The study of
the network dynamics generated 8 (2°) fixed points, one
for each nutrient configuration (substrate mixture) in the
medium. Some of the fixed points were very similar, so the
same values for all the variables were produced in these
cases, with the exception of those that represent the
nutrients. Glucose had a marked effect on the internal
signals in the cell. Hence, the 4 atiractors where glucose
was present were the same (Xgues=3)- Lhe effect of
glycerol was milder and hence only 2 attractors were the
same when it was present and no glucose existed in the
medium. The activation of genes was the same when
acetate was present or no carbon source was available; the
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Table 6. Biochemical compounds and regulators, variable, and
values reached with each carbon source.

Compound or

regulator Variable  Glucose Glycerol Acetate
Acetate X Acetate 0 0 1
AceK XAcek -1 -1 -1
cAMP Xeawp 0 1 2
cAMP.Crp X AMPCrp 0 1 2
Crp Xerp 1 1 !
CyaA Xcyaa 0 ! 2
EIIAGle Xenacie 1 0 0
EIICBGle Xenceoi 3 0 0
F1,6P Xpiep 3 2 1
FoP Xr6p 3 2 !
FruR XFruR 0 1 2
G3P XG3p 3 2 1
Glucose X Glucose 3 0 0
Glycerol XGlycerol 0 2 0
ICT Xicr 3 2 1
Mlc XMie -1 1 1
Jokerl X Jokerl 2 1 0
Joker2 Xjoker2 0 1 0
RepressorSAhC  Xgpessorsane 2 1 0

values of other variables differed somewhat. Hence, the
results could be grouped as follows:

Glucose 3
pist 1 EIAGI 1 EHCBGIc 3 Mic El
plsH 1cm 1 pisG 1
G6P
CyaA 0 Crp 1 Pgi 3
cAMP 0 cAMP.CID 0 poi 1
FruR 0 RepSdhC 2
Joker1 2 Joker2 [ FeP 3
PKA 3 ¢ Fbp b
PIKA 1 fop -1
F16P 3
Fba 3
piA 1 a 1
Glycerol ( ——— G3P 3
GlpK 0 ¢ GapA 3
gapA 1
PEP
Pps 0
Ppc 3 l pps 4
opc 1 B
PYR
3 ¢ pta i ackA 1
Pta 3 AckA 3
PokA 0 AcCoA P Ac-P P Acetate 0
PCKA -1
GA 3
gitA El Citrate

acn8 -1
mah -1 AcnB 3
Mdh 0 aceB -1 aceA -1
AceB 4 AceA 0«
MAL 4———Glyoxylate §—— ICT 3

acek -1

Fum 0 tumA -1 Acek -1 lcdA 3
tumB - fumC A
FUM v\ a-Ketoglutarate
SuC
SdhC 0 sucA -1
SAhC A

Fig. 7. Fixed points of the model when at least glucose is used
as the carbon source.

Glucose Present in the External Media. The four fixed
points when glucose was present (Xgjeose=3) WEre

1. Acetate Absent, Glycerol Absent, and Glucose Present
(XAcetate:O: XGlycerol=09 XGlucosc-:=3 )

2. Acetate Present, Glycerol Absent, and Glucose Present
(XAcetatezl, XGlycerol=07 XGlucose=3 )

3. Acetate Absent, Glycerol Present, and Glucose Present
(XAcetatezoa XGlyccrolzz ’ XGlucose:3)

4. Acetate Present, Glycerol Present, and Glucose Present
(XAcetate:1 H XGlycerol:27 XGlucose:3)

For the rest of the elements, the values of each variable
were the same in the four fixed points, as shown in Fig. 7.

This means that E. coli does not use nor detects the
presence of other carbon sources when glucose is present
in the medium. The presence of glucose avoids the
utilization of other carbon sources.

Glycerol Present and Glucose Absent in the External
Media. The two fixed points for this situation were

5. Acetate Absent, Glycerol Present, and Glucose Absent
(XAcetatezoa XGlycerol=2’ XGlucoseZO)

6. Acetate Present, Glycerol Present and Glucose
Absent (XAcetatezla XGlycerol:27 XGlucoseZO)

These two attractors showed similar expression patterns
and metabolic fluxes, which means that the presence of
glycerol avoids the use of acetate. Fig. 8 shows the
configuration of attractors 5 and 6.

Glucose 0
prsi -1 ERAGIc 0 EICBGI 0 Mc 1
ptsH -1 o -1 ptsG -1
GeépP
CyaA 1Crp 1 Pgi 2
CAMP 1 cAMP.Crp 1 poi 1
FruR 1 RepSdnC 1
Joker1 1 Joker2 1 F6P 2
PiA 2 ¢ Fbp b
pikA 1 bp -1
FL6P 2

Fba 2
iA 1 oa 1

Glycerol 2 ———p G3P 2

GlpK 2 ¢ GapA 2
gapA 1
PEP
Pyk zl Pps 0
Ppc 2 PykF 1 pps -1
ppc 1 PyiA
PYR
P 2 ¢ pta 1 ackA A
Pa 2 AckA 2
PekA 2 AcCoA ———p Ac-P ————P Acetate 0
poca R

v GhA 2
0AA oA Citrato

acn8 -1
mdh -1 AcnB 2
Mdh 4 aceB -1 aceA -1
AceB o AceA 0
MAL g~ Glyoxylate §————ICT 2

acek -1

Fum 0 fumA AcelC El KdA 2
fumB -1 fumC -1
FUM \ a-Ketoglutarate
sSuC </
SehC 0 such

sthC -1

Fig. 8. Fixed points of the model when only glycerol or
glycerol and acetate are used as the carbon source.



Glucose 0
pist -1 ERAGIC o EICBGIc 0 Mc
pltsH -1 e A ptsG -1
G6P
CyaA 2 Crp 1 Pgi -1
CAMP 2 cAMPCp 2 pgi K]
FruR 2 RepSAnC 0
Joker1 0 Joker2 0 F6P |
PKA -1 Fbp b
oA 4 [P ]
FLeP 1
Fba -1
wiA -1 a Bl
Glycerol 0 G3pP |
GlpK 0 Gaph -
gapA “
» pep
Pyk 0 Pps 0
Ppc 8 PykE <t pos
ppe -1 PyKA -1
PYR
P 0 ot - ackA A
Pla -1 AckA B
PekA 1 AcCoA < Ac-P Acetate 1
pekA
Gita 1
OAA s TR Citrate
acnB
mon  INED AcnB 1
Mdn 1 aceB aceA
AceB 1 AceA 1 <

MAL  ¢—————Glyoxylate ICT 1

acek 1
AceK -1 ledA 1

Fum 1 wra  [EE
umB rimC 1
) X
FUM '\ a-Ketoglutarate
SUC
SdhC 1 secA R
wc N

Fig. 9. Fixed points of the model when only acetate is used as
the carbon source.

Only Acetate Present in the External Media.
only one fixed point in this case:

7. Acetate Present, Glycerol Absent, and Glucose Absent
(XAcetate:l’ XGcherolzos XGlucose:O)

Fig. 9 shows the configuration of fixed point 7.
No Carbon Source Present in the External Media.
This attractor is the following:

8. Acetate Absent, Glycerol Absent, and Glucose Absent
(XAcelate:O’ XGlycerole, XGlucose:O)

There is

DISCUSSION

The model represents the phenotypes described experimentally
and predicts the behavior of E. coli metabolizing mixed
substrates. Thus, E. coli prefers glucose when growing on
glucose, glycerol, and acetate, and prefers glycerol when
utilizing glycerol and acetate.

The genetic regulatory network is mathematically simple
and depends fundamentally on glucose and glycerol. The
activation and inhibition of the genes of the network can be
fully described only when considering the values of
glucose and glycerol. Thus, these would correspond to the
reference nodes and all genes would depend on these two
nodes. Glucose and glycerol influence the network in a
hierarchical fashion. The genes that glucose activates or
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inhibits are activated and inhibited by glycerol in a weaker
fashion. This appears simple and obvious, but it is
surprising that biological mechanisms adopt such a simple
configuration. Hence, more complex networks could adopt
the same regulation. Intermediate regulators only transmit
information regarding the presence of glucose and glycerol
using, at the most, three values. EIICBGlc uses 2 values,
and FruR and cAMP use 3 values. The only gene that
differs from this behavior is pykA, which is only activated
in the presence of glycerol.

Fictitious or Unknown Regulators and Genes of
Unknown Regulation

Fictitious regulators Jokerl, Joker2, and RepressorSdhC
were created to control 12 genes whose mechanism of action
was unknown. These regulators indicate the presence of
glycerol and glucose in the external medium since these
components do not act directly on the genes. As stated
previously, in order to regulate these genes, a three-state
regulator was sufficient. Joker1 carried out this action and
regulated 8 of these genes (ack4, fba, fumb, gltA, pgi, ppc,
pta, y tpid). Jokerl was the strongest of the fictitious
regulators. The rest of the genes (gapA, pyvkd, sdhC y
sucA) had to be regulated differently as their regulation
was partially known or because they did not follow the
same activation patterns. GapA is regulated by EIICBGlc
indirectly, which is sufficient to describe its behaviour
on glycerol, hence gapA was regulated by Joker2, which
informs that extracellular glycerol is present. SdhC and
sucA are also indirectly regulated by EICBGIc and
were regulated by the RepressorSdhC. This one plays
the same role as Joker2 but was named differently as there
are indications of the existence of RepressorSdhC and
that it regulates simultaneously sdhC and sucA. PykA is
activated by Joker2 since this gene is only activated by
glycerol.

The similarity of expression patterns of the genes
controlled by the fictitious regulators suggests a similar
regulation mechanism to FruR or cAMP.Crp. These genes
may also be controlled by EIICBGlc and an unknown
regulator. Hence, it would be interesting to investigate if
the rest of the genes of unknown regulation mechanism
depend on EIICBGlc. It will also be necessary to investigate
how EIICBGlc acts, since this is a membrane protein and it
cannot reach the genes directly. The action of EIIAGIc and
another compound is a candidate mechanism to be the
intermediary between EIICBGIc and the gene regulated.
This mechanism would be analogous to the effect of
EIIAGIc on CyaA, where the action of EIIAGle is regulated
by G3P, which allows reaching 3 different values. The gene
candidates to be investigated are ackA, fba, fumb, gitA,
pgi, ppc, pta, and ipid. In particular, it has already been
established that g/t4 is not regulated by FruR or by
cAMP.Crp.
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Gene Activation is Similar When Acetate Only is
Present and When There is No Carbon Source

The model also predicts the behavior of E. coli when no
carbon source is present. The activation of genes in this
case is similar to the activation when only acetate is used.
Hence, gene expression with acetate corresponds to the
basal level. It would be interesting to investigate this
experimentally since expression of some genes appears to
be very high on acetate (aced, aceB, and aceK) and it may
not be basal. So far, there is no experimental evidence on
the possible regulation by acetate of the gene regulation
network. :

Flux Patterns of the Metabolic Network Depend on All
Substrates

Four different flux patterns were obtained and they depend
on the three substrates. The mixtures of different substrates
do not generate intermediate patterns, and the carbon
sources are used hierarchically: first glucose, then glycerol,
and finally acetate. The fluxes are zero in the absence of all
carbon sources. This situation could not be so if E. coli
would store a carbon source. If this was the case, metabolic
fluxes would exist in this situation and they should be
studied in order to complete the model.

Level of Integration Between the Gene and Metabolic
Network Regulation

This work stresses the integration between these two
networks and on how their regulation works. This
integration is necessary since the compounds of the
metabolic network control gene regulation. Furthermore,
gene activation of the network allows the presence of
enzymes and of metabolic fluxes. The first of these
interactions (metabolic network acting on gene regulation)
was complete since it was not possible to find, and hence
include all of the components that were regulating genes.

The second integration (gene regulation network acting
over metabolic network) was successful only when gene
expression varied substantially and thus modified substantially
the fluxes in the metabolic network. This integration
established that if one gene was inactive, the corresponding
enzyme would not be expressed and, hence, the metabolic
flux would be zero. The fluxes that could be regulated by
the respective gene were AceA, AceB, AceK, Mdh, PckA,
Ppc, PpS, Pyk, and SdhC. When the gene that regulates some
of these fluxes was removed, significant changes occurred
in the metabolic network. This is not always the case, as
for some genes, inactivity did not imply zero expression,
but less expression. This allowed for the existence of a
corresponding flux even if the gene is inactive.

This model relates qualitatively results of microarrays of
gene expression with Metabolic Flux Analysis (MFA).
Microarray results can characterize genetic phenotypes
and MFA will characterize the phenotypes of the fluxes. In

this paper, the experimental results of Oh and Liao [16] for
microarrays and those of Holms [10] for MFA were used.
Evidently, this analysis and the application of this model
are rather universal and can be extended to many different
systems, such as the accumulation of recombinant proteins
in yeast cells, presently under study in our goup.

Priorities of Carbon Sources and Model Stability

The active states of the model that represented the carbon
SOUrCes (Xaceae=1> Xaiycero=2> ANA Xgpeose=3) Were assigned
to establish a metabolic hierarchy. Since, in glycolysis,
glucose generates high fluxes, glycerol intermediate ones,
and acetate low ones, this hierarchy was essential to establish
a model with stable attractors (Liao 2002, personal
communication). In each configuration of substrates, the
stable state found was the only attractor found. This
hierarchy generated appropriate flux patterns and metabolite
concentrations that determined a satisfactory activation
of the gene regulation network. When a model without
this level of hierarchy in the carbon sources was used, the
flow patterns, the stable states found, and the metabolite
concentrations did not reflect the experimental results at
all. Furthermore, the concentration of metabolites could
not be differentiated between the different configurations,
making it impossible to control the gene regulatory network
correctly.

The Values Assigned to the TCA Cycle Fluxes Do Not
Correspond with the Ratio of Experimental Fluxes

Our model is sensitive to the value of the fluxes found in
glycolysis. However, the values of the TCA cycle fluxes
do not affect the regulation network. It is sufficient to have
the correct sense of these fluxes.

The model presented in this paper has unique features
that have been discussed. On the other hand, the model can
be improved and modified to answer different questions.
For example, more carbon sources can be added, the
accumulation of a recombinant protein, as has recently
been done for MFA (Metabolic Flux Analysis) [9], or the
effect of including oxygen as a limiting substrate.

The discrete mathematical model developed here is able
to successfully simulate the behavior of gene regulation
and metabolic networks of glycolysis and TCA cycle of
E. coli. The model integrates the gene regulation and
metabolic networks. This is an important contribution
in the application of discrete mathematical models to
biological problems since these models had previously
been applied only in gene regulation networks.

The model correctly predicts the behavior of E. coli
vis-g-vis substrate mixtures in batch fermentation. In a
mixture of glucose, glycerol, and acetate, it prefers glucose,
then glycerol, and finally acetate. The model included 67
nodes; 28 were genes, 20 enzymes, and 19 regulators/
biochemical compounds. The study of the network dynamics



generated 8 fixed points, one for each nutrient configuration
(substrate mixture) in the medium. The fixed points of
the discrete model reflect the phenotypes described. The
gene expression and patterns of the metabolic fluxes
generated are described accurately. The activation of the
gene regulation network depends basically on the presence
of glucose and glycerol. The model predicts the behavior
when mixed carbon sources are utilized as well as when
there is no carbon source present. The model reached a
fixed point in each of the 8 substrate configurations, which
means that these fixed points were stable. In a minimal
network, glucose and glycerol are the reference nodes and
all genes depend on these.

Fictitious jokers (Jokerl, Joker2, and RepressorSdhC)
had to be created to control 12 genes whose regulation
mechanism is unknown, since glycerol and glucose do
not act directly on the genes. To regulate these genes, a
regulator of three states is sufficient: Joker1 carried out this
action and regulated 8 of these genes (ackd, fba, fumb,
gltA, pgi, ppc, pta, and tpiAd). The remaining genes (gapA,
pykA, sdhC, and sucA) had to be regulated in a different
form since their regulation is partially known or because
they followed a different action pattern. Therefore, gapA
was regulated by Joker2, and sdhC and suc4 were regulated
by RepressorSdhC. pyk4 was activated by Joker2 only in
the presence of glycerol.

NOMENCLATURE

Biochemical Compounds
AcCoA: Acetyl Coenzyme A
Ac-P : Acetyl Phosphate

F6P  : Fructose-6-Phosphate
F1,6P : Fructose-1,6-Phosphate
FUM : Fumarate

G6P  : Glucose-6-Phosphate
G3P  : Glycerol-3-Phosphate
ICT :Isocitrate

MAL : Malate

OAA : OxaloAcetate

PEP  :Phosphoenol Pyruvate
PYR :Pyruvate

SUC  : Succinate

Enzymes

AckA : Acetate kinase

Glta : Citrate synthetase

eno :Enolase

Fbp  :Fructose bisphosphate

Fba :Fructose bisphosphate aldolase

Fum :Fumarases (FumA, FumB, and FumC)

Pgi  : Glucose phosphate isomerase

GapA : Glyceraldehyde-3-phosphate dehydrogenase A
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GlpK : Glycerol kinase

IcdA :Isocitrate dehydrogenase
AceA :Isocitrate lyase

Mdh : Malate dehydrogenase
AceB : Malate synthetase

Pta  :Phosphate acetyl transferase

Ppc  : Phosphoenolpyruvate carboxylase

PckA : Phosphoenolpyruvate carboxykinase

Pps  :Phosphoenolpyruvate synthetase

PfkA and PtkB : Phosphofructokinases I and II

Pgk  : Phosphoglyceratekinase

gpmA : Phosphoglycerolmutase 1

Pfl : Pyruvate formate lyases I and I (PfIB and PfID)
Pyk  :Pyruvate kinases I and II (PykF and PykA)

SdhC : Succinate dehydrogenase
TpiA : Triosephosphate isomerase
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