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ABSTRACT
The fermentation system is a metabolic system that can be considered as a complex system,
since it involves metabolites linked by different reactions. Some outputs of the re n act as
input in the other reactions and t@ control the behaviour of the system. Glucose as the main
carbon source of the yeast cells plays an important role in the cell's reproduction cycle and
product synthesis. Glucose promotes negative feedback to some reactions in the central metab-
olism of the yeast cell. In this paper we mathematically study the effects of the negative feed-
back (inhibition) by glucose and other metabolites on the dynamics of the fermentation system.
We also study the sensitivity of the flux in the presence of inhibition. We found that high inhib-
ition by glucose affects the concentration of acetyl-CoA, which will lead to the respiration path-
way of the yeast cells. High inhibition by acetaldehyde affects the concentration of all
metabolites, including the maximal concentration of ethanol. Based on the metabolic control
analysis results, we found that glucose can be considered as the external regulating point in
increasing the flux of ethanol. Although glucose acts as a negative feedback, it can also be used
to promote certain processes in the metabolic pathway since it gives the highest positive con-
trol in increasing the flux of ethanol as the desired product. For the internal regulation point,
the maximal concentration of ethanol can be increased significantly by regulating the maximal
activity of alcohol dehydrogenase and acetaldehyde dehydrogenase simultaneously.
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Introduction be compared with experimental data in terms of con-

Introducing a new cellular process is one of the gen-  version of substrate becomes product under y

etic engineering targets for improving cell productivity
[1, 2]. Metabolic engineering is a process that can con-
vert, for example, renewable carbon sources into bio-
fuels [3]. The process alters enzyme activity to redirect
carbon fluxes toward biofuel production [3, 4]. Since
conversion of substrate into biofuels involves a com-
plex metabolic network, theoretical approach is
needed as a tool to study the complex system to com-
plete the experimental study. Theoretical studies pro-
vide high predictive power to design cells with
desirable properties cheaply and reliably according to
the needs of biotechnology production [5, 6]. Some
researchers used advanced mathematical model to
capture the dynamical behaviour of a complex meta-
bolic system such as the fermentation system [7-14].
The model was applied as a predictive tool that can

state condition. A valid model would presents a good
agreement with the experimental data such that the
model can be used as a miniature or a model predic-
tion of the complex metabolic system. The model can
be used as a strategic tool for the design and opti-
misation of metabolic network in metabolic engineer-
ing (1, 8.

Each complex metabolic system is regulated by sev-
eral enzymes which control the rate of the reaction
process. In the biochemical pathway, the product of
one reaction becomes a substrate in the next reaction
until the final product is synthesised. Fermentation
system is a complex metabolic system where yeast,
such as Saccharomyces cerevisiae, converts glucose as
the substrate to pyruvate acid via the glycolysis path-
way and then go one step further converting pyruvate
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into ethanol. One glucose molecule is converted into
two ethanol molecules and two carbon dioxide mole-
cules [15, 16]. Each reaction process is catalysed by
different enzyme with different mechanism. In the pre-
vious study, we derived a kinetic model of the fermen-
tation system by taking into consideration the central
metabolism of fermentation pathway. The characteris-
tics of enzymes in the main yeast cell pathway were

died, such as the possibility of delays in a reaction
99 to the existence of a rate limiting step, in which
the conformational changes of the yme structure
require certain time to rearrange the structure until it
is ready to bind substrate again [17]. We found
that there existed a bifurcation diagram for the delay
that depended on the rate of glucose supply and kin-
etic parggeters of the delayed reaction. There also
existed a certain glucose supply that may optimise
ethanol progmction. In the other study, we also investi-
gated the key enzymes that can be regulated to
enhance ethanol production [9]. We found that there
were supply glucose as an external control parameter
and three enzymes as internal regulation targets that
can be adjusted in enhancing ethanol production. The
threeganzymes are acetaldehyde dehydrogenase, pyru-
vate?ecarboxylase and alcohol dehydrogenase which
reside in the acetaldehyde branch point. In this study,
we will continue our investigation regarding analysis
of the optimality conditions of the yeast cell to pro-
duce ethanol with high concentration. The existence
of internal feedback inhibitions becomes the key point
of this study since some experimental researchers
found that acetaldehyde acts as inhibitor for glycolytic
pathway and glucose inhibits the reaction catalysed
by pyruvate dehydrogenase complex [18-20]. Here,
we continue our theoretical analysis by using mathem-
atical model to study the effects of the existence of
gghibitions to the dynamical behaviour of metabolites
in the central metabolism of the yeast cell, especially
its effects to the optimal production of ethanol. We
also apply metabolic control analysis to identify the
sensitivity of the positive steady-state properties of
the ethanol concentration and ethanol flux to a small
parameter change due to the existence of feedback
inhibition. Our analysis serves as a starting point to
investigate the major biotechnological questions such
as the observation of complex cellular behaviours, the
prediction of the outcomes of metabolic with pertur-
bations and the improvement of the desired property
of the 19 B metabolism.

The paper is organized as follows: in the Methods sec-
tion, we formulate the kinetic model of fermentation sys-
tem by taking into consideration the internal feedback
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inhibition by glucose and acetaldehyde and also present
the mathematical analysis of the model. In Results and
discussion section, some numerical simulations are pre-
sented to study the transient behavior of the metabolites
and using metabolic control analysis, the steady-state
properties of the system are discussed to analyze the
sensitivity of kinetic parameters. Some remarks and con-
clusions are presented in the last section.

Methods
Kinetic formulation

n this paper, we propose a mathematical mo
describing the chemical conversion of metabolites in
the central metabolism of a yeast cell. The modelling
formulation follows the line of Lei et al. [7] and
Kasbawati et al. [9]. We consider a continuous fermen-
tation process that occurred at ideal conditions.

As shown in Figure 1, we assume that the carbon
metabolism on the central yeast metabolic pathway is
started with the uptake of glucose. The glucose (S,) is
converted into pyruvate (S;) via glycolysis pathway, a
lumped reaction [7]. Chemical conversion of glucose
into pyruvate as the last product of glycolytic pathway
is modelled using Michaelis-Menten kinetic equation
[7,9]. Since there exists uncompetitive internal inhib-
ition by acetaldehyde (5;) to the glycolytic pathway
[20], the Michaelis-Menten kinetic equation becomes

5,
=Vy—1
e S Se+ 1) 1Ky

where K, is an inhibition constant of Sywith respect
to ry, V is the maximum reaction of glucose conver-
sion to become pyruvate in the ghgmlysis pathway
and K; is the Michaelis constant. The pyruvate is then
converted to become agggaldehyde (S4) by pyruvate-
decarboxylase (r;) and acetyl-CoA (5;) by pyruvate
dehydrogenase complex (r3). The kinetics for pyruvate
decarboxylase is

(1)

52
=V;—.
252+K2'

with maximum reaction rate V5 and Michaelis con-
stants K>. Based on the study of Alexander and Jeffries
[19], it was known that glucose is an inhibitor for the
pyruvate dehydrogenase complex. It inhibits the
enzyme noncompetitively meaning that the higher the
concentration of the glucose, the more likely that glu-
cose will bind to the allosteric site of the enzyme.
When the levels of glucose fall below a threshold, the
effect of the negative feedback diminishes and pyru-
vate dehydrogenase complex is reactivated. Therefore,
we have the kinetic equation for this reaction:

Iy (2)
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Figure 1. Central metabolism of Saccharomyces cerevisiae. Reaction ry is a lumped process of glucose
vate and reaction r, i=2,...,6 is a chemical conversion catalysed by: (2) pyruvate decarboxylase, (

ersion to become pyru-
pyruvate dehydrogenase

complex, (4) alcohol dehydrogenase, (5) acetaldehyde dehydrogenase and (6) acetyl-CoA synthetase.

PThS A s T &
with maximum reaction rate V5, Michaelis constants
K>, and inhibition constant K. The product of r3 then
leads to the respiration pathway of the yeast cell, i.e.
the TCA cycle, which produces energy for the cell,
whereas acetaldehyde leads to the fermentative path-
way, in which it is converted to become acetate (Ss)
and ethanol (5c). Both conversion processes are,
respectively, catalysed by acetaldehyde dehydrogen-
ase and alcohol dehydrogenase. Alcohol dehydrogen-
ase catalyses the reaction by a reversible mechanism,
whereas acetaldehyde dehydrogenase catalyses the
reaction by an irreversible mechanism, such that we
have the kinetic equation for the both reactions:

VarKapSa—VapKarSe

r. ; (4)
? KarKap + KapSa + KagSe
S4
rs = Vg ——. 5
5 551 Ke (5)

Acetyl-CoA syntehase then converts acetate to
become acetyl-CoA that also leads to the respiration
pathway. Since it is known that there also exists non-
competitive internal inhibition by glucose to this reac-
tion [21], we have the kinetic equation for this
reaction:

S 1
TSk Ksil
where K. is an inhibition constant of §; with respect

to rg, Veis the maximum reaction rate of acetyl-CoA
syntehase, and Kg is the Michaelis constant.

(6)

I's

By using the mass action rate law and the formu-
lated kinetic equation (1)-(6), we th derive the
mathematical model of the metabolites in the central
metabolism of the yeast cell with internal inhibition as
follows:

5

Silff= BGis Wl
1) % 151(Ka54+1)+K1'

(7a)

: _ 5 . S e Ss . 1
al= S1(KaSa + 1) + K; (stz + K V352 + K3 KpSi+ 1)!
(7b)
. 52 1 S5 1
S3(t) = V- . V, . — oS3,
MW= e e i T e s
(7¢)
: 52 VarKapSs—VapKarSs S4
Salt) = V. - ;
0= Vo (mm..b Ko Fiss . Rt Ks)'
(7d)
: S 5 1
Ss(t) = V — Ve . — oS5,
50 SSa+Ks 0S5+ Ks KeSi+1 >
(7€)
: ViarKapSa—VapKarSe
Sglt) = — oS¢, 7
6 1) KarKap + KapSa + KarSe B 70
with initial conditions
51(0) = Sq, 52(0) = Sp, 53(0) = S, 54(0) = Sq,
S5(0) = S, 56(0) = S¢. (79)
where S,..... S¢ are initial concentration of metabo-

lites which are greater or equal to zero. All parameters
in model (7) are assumed positive. The mathematical
properties of the model are derived in the follow-
ing section.




Mathematical analysis

In this section we use stability theory to derive the
mathematical properties of the kinetic model (7).
One of the mathematical prgggerties of the system
that will be analysed is the stability conditions of
the positive steady state of system (7). The steady
state solution is defined in the region Rﬁ_ =
{(51,...,5%) €R|S; >0, i=1,..., 6}.

At the equilibrium condition Equation (7a) becomes
51

G- Vi————————=0
* T AT R

(8)
such that we get the equilibrium solution for §,
depending on the equilibrium solution of S,,

aGK 1

S
TV —aG(K,S, + 1)

(9)
The equilibrium solution of S; will be positive if it

fulfils the conditions

V'[ —oG

v oG and 0 < S,
1> <y < %GK,

(10

These conditions imply that the maximum rate of
reaction in the glycolysis pathway should be greater
than the maximum inflow of glucose supply, and
steady state concentration of 54 should be maintained

in the interval (0, "’:‘(E}f). From Equation (7b), we get
S S S 1 )
V —| V V. . =0,
15 (KaSs +1) + Ky ( G S 1K RS 1

(11
which can be rewritten in quadratic polynomial,
f(S2) = aS® +aS;+ a3 =0, (12)
with
ay = V1Si(KeSy + 1) = [S1(KaSa + 1) + K] [Va(KpSy + 1) + V3,

ay = V151(KeS1 +1)(Kz + K3)
—[51 (KaSa+ 1) + K]][V2K3{Kb51 +1)+ V3Kg]_.
as = V151(KsS1 + 1)KaKs.

The roots of polynomial (12) are equilibrium solutions
of S, which depend on the equilibrium solutions of §,
and S,. If the equilibrium solution of 5; fulfils condi-
tion (10), then we have a;>0. Using Descartes rule
of sign [22], we have two possibilities number of
positive roots of (12). When a; > 0 and a» < 0, two
positive roots of polynomial (12) exist. Otherwise,
when a; < 0 and a; > 0 or a; < 0, one positive root
of polynomial (12) exists. Therefore, polynomial (12)
will produce at most two positive roots for 5;. This
condition leads to the possibility of the existence of
multiple steady states in the system where the
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fermentation system will generate different steady
state concentrations for different initial conditions.
Furthermore, from (7c) we get the equilibrium solu-
tion of Si:
g _ V35285 +Ke)(KeSy +1) + VeSs(Sa + K3)(KbS: + 1)
i o(S2 + K3) (KoS1 + 1)(Ss + Ks ) (KcS1 + 1)

(13)

that will be positive if the equilibrium solutions of
51, 5, and S5 are positive. From (7d), we have

v 52 VarKapSs—VapKarSs S4 -0
'S+ kK KarKap + KapSa + KarSs >Se+Ks ’

(14)

that can be rewritten as a quadratic polynomial
as follows:

F(Sa) = b1Sa2 + bS5, + bz =0, (15)
with
by = VaSyKap = [(S2 + Ko)VarKap + (S2 + K3)KapVs],
by = Vi53(KarKap + KarSe) + VaS2KapKs
+(S2 + Ko )VapKarSe — [(S2 + Ka)VarKapKs
+(S2 + K2)KarSeVs + (52 + Kz )VarKapKs],
by = V,5,Ks(KarKap + KarSe) + (52 + Ka)VapKarSeKs.

If the equilibrium solutions of S, and S¢ are positive,
then we get b;>0. Using the similar analysis with S,
we find that the polynomial (15) will produce at most
two positive roots for S,. This result also leads to the
possibility of multiple steady states in the modelled fer-
mentation system. Furthermore, from (7e) we have

S4 Ss 1

V. — V .
? Cihide: SeikKa: Kb

— 05=0, (16)

that also can be rewritten in a quadratic polynomial
form, i.e.
f(Ss) = 51552 + ¢S5+ ¢ =0, (17
with
€1 =0 (S4+Ks)(KS + 1),
c2= [oKs(Ss +Ks)(KcS1 4+ 1)] — VsSa(KeSy + 1),
3= — VsSaKs(K:S1 +1).
Since ¢;>0 and ¢3<0 when S, and S; are positive,
then polynomial (17) will produce at most one posi-

tive equilibrium solution for Ss.
Furthermore, from the last Equation (7f), we have

VarKapSa—VapKarSe
KagKap + KapSa + KarSe

In quadratic polynomial form, Equation (18) can be
rewritten as follows:

f(Ss) = d Se2 + daSe + ds =0, (19)

= 0(55 =0. ” 8}
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with
dy = Kapor,
dy = KarKapot + VapKar + KapSaot,
dz = —VarKapSs.

Since d;>0 and d3<0 when 5,>0, we get that 54 has
only one positive equilibrium solution.

Summarising our analysis results, we found that the
fermentation system (7) has an equilibrium solution
E= (Sl". 52‘_'«1 535,54,:‘,55*_.55*) where 52,—‘and 54,'*.
respectively, stand for the i-th positive root of S, and
54 This steady state solution shows the steady state
concentration of metabolites when the inhibitions
exist in the system.

Furthermore, the mathematical prope of the
system (7) that will be studied is the lo %ility of
the equilibrium point E. We analyse its local stability
behaviour by investigating the eigenvalues of the
Jacobian matrix of the linearised system (7). By line-
arising system (7) around the equilibrium point £, we
get the following Jacobian matrix:
where

 KeS'Ay | SsTKAs
CKSUT T T HKST
Ag = V2A52K2 + A7 A5K3,
Ayg = MKy + 32(52"‘]2!‘(5-

Ag

Vs K:
A=A +%.~
(Sa" + Ks)
_ AsSs'Ke
A =3 K5

We can observe that two eigenvalues of matrix J
are negative, i.e,

AsKs
; S
! (55 + Kg

+ :1) and Ay = —a. (21)

The rest of eigenvalues of matrix J is the solutions
of the characteristic equation,

MWaal +art +ash+a4=0, (22)

where coefficients a;,.... a4 depend on Aq,..., A,
Because the coefficients of polynomial (22) depend on
the steady state £ and the large number of kinetic
parameters, it is difficult to determine the value of its

roots. Routh-Hurwitz criteria gives conditions on the

x5 2
i 0 0 Ay (S 2 Ka 0 0
Ao —As 0 —A($17) K, QOK 0
—As A2A7K3 —Ql 0 !3 5
e Ss" +Ks
J= A & (20)
=an 5
oo o o (f+K)Y \ST+HK
Ay 0 —(As + Qf.)
coefficients of a polynomial such that the zeros of the
Vi polynomial have negative real part [22]. For polyno-
Ai = = z PR . et
[$17(KoSa® + 1) + Ky mial (22), the conditions are
Ar = ]
TS K Koy + 1) o
Vs
Az = - - . - a 1
3 (55+K6)(Kc51+1) 1. 0 a =0 oraa; >0,
 KagKap(VarKap + VarSe" + VapSs”)
s (K Kashe® + Ki8a" T gy 1 0
arKap + KapSa™ + KarSe ii. |as az a; >0o0raaa; —as >0,

- KarKap(VapKas + VapSa™ + VagSa™)
(KarKap + KapSa™ + K4r55"}2
1
S K
- 1
TS 4K

Ag

Ay

0 0 a3

a 1 0 0

as a; a
3 92 : > 0 or a3® + aya»a3

0 a as a
4 2 2 —01040'22 — ;0403 — G10403 >0,
0 0 a; Qs

2




Therefore, the steady state E will be locally asymp-
totically stable, if it fulfils the conditions (i)-(iv) mean-
ing that for a certain experimental condition, the
fermentation system will produce metabolites with the
amount of concentration indicated by point E. In the
next section we will present some numerical simula-
tions to clarify these mathematical results and to cap-
ture the transient behaviour of the system (7) for a
certain experimental condition indicated by kinetic
values given in Table 1.

Results and discussion
Numerical simulations

ﬂthis section, we present some numerical simulations
to validate the mathematical analysis and to capture
the transient behaviour of solutions of system (7).
Some simulations are presented to observe effects of
the existence of the internal inhibitions. Using kinetic
parameter values given in Table 1, we get one posi-
tive steady state,

E={8 55 5 58 sk o
=(0.1102; 1.3x107%; 0.0439; 8.4x10°%; 14.9432; 0.0031)
(23)

with eigenvalues ?= —-0.01, A =-001, Az=
—1.22, da = =1.103x107, hs = —17142.3, kg = —0.22
implying the local stability of E. By choosing initial con-
ditions $,(0)=20g L™ and zero for the others and final
time observation 100 hours, we get numerical solutions
of system (7) depicted in Figure 2.

Figure 2 shows the transient behaviour of metabo-
lites when the system experiences inhibitions by
glucose and acetaldehyde. We can observe that
inhibitions of some reactions highly affect the
concentration of acetyl-CoA, which will lead to the
respiration pathway of the yeast cell. The feedback
inhibitions extremely decrease the concentration of
acetyl-CoA. However, the feedback inhibition by
acetaldehyde to the glycolysis pathway did not
influence the production of pyruvate since there is
no gap between the solution with and without
inhibition term. This result implies that the

le 1. The kinetic parameters of system (7) taken from [7].

ar.  Val. Unit  Par. Val. it Par. Val Llra
v 1,43 gg'h' K 0, 94 gL' o 001 h

vv 58 gg'h' kk S5x107 gL' G 15 !
vi 0,501 ggth' k  2x10° gL' k 142 i
vie 2,82 gg 'hT' ke 0034 gL' ky 0,101 gL’
vy 00125 gg'h™' kyp 0057 gL' k; 440 gL'
vs 48 g9 'h' ks 264 x10% gL'

ve 0,004 ggth' ks 0,002 gL'
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inhibition by glucose to the third and the sixth reac-
tions should be taken into attention since it influen-
ces the respiratory pathway of the yeast cell. It
decreases the concentration of acetyl-CoA signifi-
cantly. On the other hand, if we set the glucose
inhibition as going to zero and the inhibition by
acetaldehyde as high enough then we get the simu-
lation results as shown in Figure 3. We can observe
that these conditions influence not only the concen-
tration of pyruvate but also the concentration of the
other metabolites including the concentration of
ethanol. The maximum concentration of ethanol
decreases as the acetaldehyde inhibition increases.
However, when the acetaldehyde inhibition is high
enough, it did not influence the concentration of
acetyl-CoA as the main substrate for cell respiration
(see Figure 3 (C)). It means that the feedback inhibi-
tions by glucose significantly affect the respiratory
pathway of the yeast cell, whereas acetaldehyde
inhibition significantly affects the fermentation path-
way. This is an interesting result since the two path-
ways, respiration and fermentation pathways, are
important pathways for yeast cells that must
be maintained.

Sensitivity analysis using metabolic
control analysis

In this section we analyse the sensitivity of reactions
involved in the fermentation pathway. Metabolic con-
trol analysis is a quantitative tool that quantifies the
effect of perturbation in a metabolic network. It also
quantifies the importance of each enzyme in control-
ling the flux of ethanol. In the metabolic control ana-
lysis, the sensitivity of reactions is measured via the
following coefficients, namely elasticity coefficient and
control coefficient for flux and metabolite. The elasti-
city coefficient quantifies the effect of small perturb-
ation of a reaction parameter on the local reaction,
whereas the control coefficient quantifies global
effects of the perturbation of enzyme activity to the
flux or metabolite concentration. To derive the sensi-
tivity analysis of our system, now consider the nonlin-
ear kinetic model in Equation (7). In a simple form,
the kinetic model (7) can be rewritten in the follow-
ing form:

ds
== Nr(S,p), (24)
where r = (n, . No).5=1(5,....5).p is a vector

of kinetic parameter of model (7), and N is a
6 x 10-dimensional matrix of stoichiometric coeffi-
cients (the stoichiometric matrix) of system (7),
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Figure 2. Comparison of the transient behaviour of metabolites in the central metabolism of yeast cells with and without inhib-

ition effects.

Reactions ry, ..., rg are given in Equations (1)-(6),
whereas reactions r, . no, respectively, represent
the feeding rate of glucose and the outflows of the
metabolite products, ie. rz =0G, rg =05, =
aSs, ro = o5s. If we extend the stoichiometric matrix
N using an 6 x 6-dimensional identity matrix then we
get the augmented matrix(N|/)where each column of
the identity matrix |/ represents a time derivative of
system (24), i.e.

=i 0 o 0 0

T -1 -1 0 0 0

|l o 0 1 0 0 1
Mh=1 o 1 0 =1 -1 0
0 0 0 o0 1 -1

0 0 0 1 0 0

17
The row echelon form of the augmented matrix
(N|1) is given as the following form:

n BRY: T fs fe f; fs b no Si S S3 Si S5 Se
S 10 0 0 0 1 0O 0 0 O 1 0 0 0 0 O
s, 0 0 1 -1 -1 01 0 0O O 1 1 0 1 0 O
S 0 00 -1-111-1001111°¢00
4 01 0 1 -1 0 0 O O O 0O O 0 1 0 0
S 0 0 o0 o 1 .10 0 -1 0 0 0 0 0 1 0
S 0 0 o 1 0 0 0 0O 0 -1 0 0 0 0 0 1
1 0 0 0 1 0 0 0 0O
0 0 0 4] 010 000
0 -1 0 0 o0 1 000
0 0 0 0 | o0 0 1T 00 (26)
0 0 -1 0 000 010
0 0 0 -1 0 0 0 0 0 1
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Figure 3. Transient behaviour of metabolites when the glucose inhibition is over and the inhibition by acetaldehyde is very high.
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Figure 4. Distribution of flux control coefficients for quantifying
rate changes.

It can be identified that there are no zero rows in
its row echelon form meaning that no reduction is
necessary for metabolites of system (24) since there is
no dependence of the differential equations. Now let
us investigate the flux of system (24). The flux of sys-
tem (24) is defined as the steady-state reaction rate

the sensitivity of ethanol flux with respect to the reaction

that can be reached when Nr(S,p) =0. Therefore,
finding the flux of the system (24) equals with finding
the kernel of the Stoichiometric matrix N. Let J; denote
the flux of reaction r;. Since the rank of the matrix N
is 6, there exist four independent fluxes that can be
chosen freely. Choosing Js, ..., J; as the independent
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fluxes (the r,, ... r;-columns without pivots in the ech-
elon form of the stoichiometric matrix N), we then have

J=KlJy, (27)
with the flux vector J = (J;,..., Jio), the independent
flux vector Jig = (Ja, ..., J7) and the kernel of matrix N,

[ o 0 1 0 |
1 1 0 0
-1 -1 0 1
1 0 0 0
K — 0 1 0 0 (28)
0 0 1 0
0 0 0 1
-1 -1 1 1
0 1 =1 0
0 0 0
[ K
=L 0
nal K>
—51K5; 52 f-('_ Kz
e 3
S1K5 +1
( 1 36 ) SZEK3
M, = 0
—51Kei 0
(S1Ksi + 1) 8
0
0
0 0
0 0
L 0

The matrix K shows the dependence of the steady
state fluxes on the independent fluxes. In a normal
form we have

0 0 5
VA S
5 N 0 —2h
7R T B
J3 J3 0 4
J4 0 0 )
T Js Js 0
K= D_,t 1KD;M = 0 J_S J(, 0
0 0 0 0
0 0 Js Jr
A - Jg Jz
Jlg JS _J_ﬁ 17
0 s Jo I
_ s Jg 0 0
Jio 0 0

(29)

where D; and Dy, stand for the diagonal matrix of
flux vector J and independent flux Jig, respectively.

O O= O= 00 00 O

In metabolic control theory, there exist two theo-
rems that can be applied to find the matrix control for
flux and metabolite of the system (for detail about the
two theorems see [23]). The normalised form of both

theorems is written as
_ (K O
A

(&)x =wd

where C; and Cs, respectively, represent the normalised
matrix control for flux and metabolite, K, is the normal-
ised form of the kernel of N given in Equation (29), I is
an identity matrix, and M. is a matrix whose entries are
elasticity coefficients, €] = Ef—; By differentiating reaction
rate r;, i =1,., 10 with respect to the metabolite variable
Si, i=1,....6, we get the elasticity matrix as follows:

(30)

—51Kj

ESSE

S o oo o

SS +K5 (3‘”

&

Ss + Kg

o
- oo co o§|§oo o

o =o

Therefore, by substituting matrix K, in (29) and
matrix M. in (31) into Equation (30), we can derive the
matrix control for flux, C;, and the matrix control for
metabolites, Cs.

Using the kinetic parameters in Table 1, the stable
positive steady state £, and Equations (29)-(31), we get
the values of the sensitivity of ethanol flux (J;5) in term
of flux control coefficient (C;*) which are depicted in
Figure 4. Here, we only present the sensitivity of etha-
nol flux (J;o) with respect to the reaction rate changes,
I, ...., 10, because our analysis is focused on
the effects of the existence of feedback inhibition in
some reactions to the ethanol production.

From the metabolic control analysis results, we
can observe that each reaction has a different effect
to the ethanol flux. Some reactions have almost zero
effect to the ethanol flux including reactions that
experience feedback inhibitions, whereas other reac-
tions have positive effect and negative effect. The
highest positive control is given by the glucose sup-
ply with control value C;';“ =1, 0296, whereas the
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Figure 5. Comparison of ethanol concentration for different regulation rules based on the metabolic control analysis results.
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ajure 6. Comparison of ethanol concentration for different combination of regulation rules based on the metabolic control ana-

lysis results.

highest negative control is given by reaction rs cata-
lysed by acetaldehyde dehydrogenase. These results
are in agreement with our previous analysis results
[9]. It means that, if we increase the supply of glu-
cose, then it will affect the increasing of ethanol pro-
duction. However, the increasing of glucose supply
should be under control since high glucose concen-
tration significantly affects the respiratory pathway of
the yeast cell. Otherwise, if we decrease reaction rs
catalysed by acetaldehyde dehydrogenase then it
also will increase the production of ethanol.

Some simulations are presented to confirm this
metabolic control analysis results. For instance, in

Figure 5, we present the comparison of several regula-
tions according to the sensitivity results. We can
observe that when the glucose supply is increased
about 100% (reaction with positive effect), it also
increases the maximum concentration of ethanol for
its steady state concentration. However, the increasing
of ethanol concentration is not really significant. In
comparison with the increasing of the maximum reac-
tion rate of ry by about 50% (reaction with positive
effect), this regulation increases the concentration of
ethanol higher than the previous regulation.
Moreover, when the regulation is focused on the reac-
tion rs by decreasing its maximal reaction rate
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(reaction with negative effect), then this regulation
significantly affects the increasing of ethanol concen-
tration compared with the previous two regulations.
The maximal concentration of ethanol increases dra-
matically, i.e. almost more than 100%.

If we combine several regulation rules to increase
the production of ethanol, we get the simulation
results depicted in Figure 6. When the maximal
reaction rates of ry and rs are simultaneously regu-
lated we find that the maximal concentration of
ethanol increases twice from the previous regula-
tion (regulating only r;). When the maximal reaction
rates of r4, r5 and glucose supply are simultaneously
regulated we find that the maximum concentration
of ethanol increases slightly compared with regula-
tion of r, and rs. Since high glucose concentration
will affect the inhibition at r3 and rg then the best
regulation choice is by regulating rs and rs
simultaneously.

Conclusions

The kinetic model of the main metabolism of fermenta-
tion system was modelled by taking into consideration
feedback inhibition effects of glucose and acetaldehyde
to some reactions. The inhibition mechanisms occurred
competitively and noncompetitively. The model pro-
duced at least one stable steady state and at most two
stable steady states, if it fulfilled certain conditions.
Numerical observations showed that high inhibition by
glucose influenced the concentration of acetyl-CoA that
will lead to the respiration pathway of the yeast cell,
whereas high inhibition of acetaldehyde affected the
concentration of all metabolites including the maximal
concentration of ethanol. By applying metabolic control
analysis to the metaboli tem we found that there is
one regulation rule that can be applied to increase the
production of ethanol. Based on our numerical observa-
tions we found that the best regulation rule was by
regulating the two key reactions that were catalysed by
alcohol dehydrogenase and acetaldehyde dehydrogen-
ase. By regulating the maximal activity of the two
enzymes simultaneously, the maximal concentration of
ethanol can be increased significantly.
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