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Abstract. Metabolic regulation ﬁys an important role in the metabolic engineering of a cel-
lular process. It is conducted to improve the productivity of a microbial process by identifying
the important regulatory nodes of a metabolic pathway such as fermentation pathway. Regu -
lation of enzymes involved in a particular pathway can be held to improve the productivity of
the system. In the central metabolism of veast cell, some enzymes are known as regulating
enzymes that can be inhibited to increase the production of ethanol. In this research we study
the kinetic modelling of the enzymes in the central pathway of yeast metabolism by taking into
consideration the enzyme inhibition effects to the ethanol production. The existence of positive
steady state solution and the stability of the system are also analysed to study the property and
dynamical behaviour of the system. One stable steady state of the system is produced if some
conditions are fulfilled. The conditions concem to the restriction of the maximum reactions of
the enzymes in the pyruvate and acetaldehyde branch points. There exists a certain time of
fermentation reaction at which a maximum and a minimum ethanol productions are attained
after regulating the system. Optimal ethanol concentration is also produced for a certain initial
concentration of inhibitor.

1. Introduction

Mostly genetic engineering used metabolic engineering as a powerful tool for optimization and
introduction of a new cellular process [1-5]. Since it has been studied in a multidisciplinary approach,
success researches keep accumulating [5-10]. Biochemical information which can be accessed freely
was underlying the strategies for experimental design to find the manipulation targets, and today,
increasing of yield and produfffity were being the main objectives of metabolic engneering [11].
Many researchers gave some reviews about theoretical and practical aspects of metabolic engineering
[12-17]. Information about metabolic networks or enzymes would be underlymg the essential
prerequisite of a successful metabolic regulation [14]. Internal regulation of a metabolic pathway is
one of the best practical ways to improv§ihe productivity of the cell. It refers to the metabolic
regulation level by regulating the metabolic fluxes in a metabolic network.

In order to coordinate the metabolic fluxes, activity of the key enzymes can be engineered such that
cellular activities mvolving multiple enzymes can be improved. Introducing a molecule of inhibitor is
one of the engmeering choices for mternal regulation since it acts to reduce the velocity of an
enzymalic reaction. It exists naturally or can be miroduced expefflentally by using svnlhem
molecules. For instance, various kinds of inhibitor have been studied for demg;nmg and optajzanon
performance of microbial yeast cell factories [7, 18-21]. It becomes an interesting study since ditferent
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inhibitor may has different mechanism. Furthermore the mechanism can be approximated
mathematically by using kinetic modeling such that theoretical aspect of this regulation can be
captured.

In this paper, modeling the metabolic process of a yeast cell is studied as a premise to capture an
optimal fermentation design such that an optimal productivity of yeast cell can be achieved. It is an
mteresting metabolic system since it consists of a multiple branched metabolic pathway that mteract
biochemically and a multiple reaction thff}is catalyzed by different enzymes [19]. Our study is
focused on the main metabolic pathways, at the pyruvate and acetaldehyde branch points, where the
overflow metabolism was occurred. Since enzymes became a key point in the metabolic network,
regulation can be taken place through controlling the enzyme activity. Based on the study results of
Kasbawati et al. [22], the key regulating enzymes reside at the pyruvate and acetaldehyde branch
pomts. These enzymes have a significant effect m reduemg and mereasing the flux of ethanol Here,
we carry out kinetic modeling of ethanol production by taking into consideration effects of mhibitor
molecules to the regulating enzymes in the culture medium. We assume that the inhibitor is introduced
experimentally to regulate the metabolic fluxes of yeast cell such that flux of ethanol can be

maggpized.

ﬁfpaper is organized as follows: in Section 2 we formulate the kinetic a)del of fermentation
system by taking into consideration the inhibition of regulating enzyme at the pyruvate and
acetaldehyde branch pomts. In Section 3, analytical results are presgpjed to study the steady state
condition of the system. Numerical simulation and some discussions are presented in Section 4, and
conclusions are presented i the last section.

EBKinetic Formulation
In this paper we propose a mathematical model describing the chemical conversion of metabolites in
the central metabolism of yeast cell We assume that the continuous fermentation process occurred at
the ideal conditions. Carbon metabolism on the yeast metabolic pathway is started with the uptake of
glicose that be converted becomes pyruvate via glycolysis pathway (). We assume the glycolytic
pathway as a lumped reaction [19]. Chemical conversion of glicose into pyruvate as the last product
of glycolytic pathway is modeled using Michaelis-Menten [23] that is

S.

r =v, — (0

1 -
s, +k,

where s the concentration of glicose. v, is the maximum uptake reaction and k, is the affinity
constant forflk glucose uptake reaction. In the yeast Saccharomy@E} cerevisiae metabolic pathway,
pvruvate as the end-product of glycolysis is a branch-pomnt between fermentative and iEpiratory sugar
metabolism (see figure 1). The key enzymes for regulation purposes are located at the pyruvate
branch-pomt. Here, pyruvate (s,) is coffferted mnto three mtermediate metabolites, i.e. oxaloacetate (s3)
and acetyl-coa (s4) which lead to the key part of aerobic respiration of the yeast (TCA cycle). and
acetaldehyde (ss) which leads to the fermentative metabolism of sugar by yeast cells. These chemical
conversion processes involve enzymes to catalyze the reactions and the kinetics follow the Michaelis-
Menten kinetic equation, ie.

=v,——,i=2,.4 (2)
s, +k,
where v; is the maximum velocity of reaction and k; is the affinity constant for cach reaction. At the
fermentative metabolism, acetaldehyde is converted to become acetate (s,) and ethanol (s,) where the
conversion reactions also follow the Michaelis-Menten kinetic for reversible and irreversible
mechanisms, respectively, ie.

[
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Vs ks, 55 — 05, k58,

505 5i

K= (3)
ks kg, + ks 55 + Ky 5,
5.
r =0, ——, 4
s=u @

where v; is the maximum velocity of the every reaction and k; is the affirfffconstant for each reaction
(reversible or wreversible reaction). Under some conditions, enzyme acetyl-CoA synthetase then
converts the acetate to become acetyl-coa that is leading to TCA cycle for respiration process. The
conversion process fullfills

5, -
s, +k, ©)
where v; is the maximum velocity of enzyme acetyl-CoA synthetase and k; is the affinity constant of
the enzyme.

v =0,
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Figure 1. Central metabolism of S. cerevisiae. Reaction 1y 1s a lumped process of glucose conversion
to become pyruvate and reaction r;, i=2, ..., 7 is a chemical conversion catalyzed by: (2) pyruvate
carboxylase (3) pyruvate decarboxylase, (4) pyruvate dehydrogenase complex, (5) alcohol
dehydrogenase, (6) acetaldehyde dehydrogenase, (7) acetyl-CoA synthetase. Reactions with cycle
present enzymes for regulation target based on the sensitivity anaylisis results taken from [22].

In the previous study Kasbawati et al [22] have showed that a fraction change of r; causes ethanol
flux to decrease extremely. This reaction is catalyzed by acetaldehyde dehydrogenase and resides in
the acetaldehyde branch pont. Reducmg the maximal rate of this reaction may lead the ethanol
production to increases significantly. In fact, regulating r leads also to regulate acetaldehyde branch
pomnt which nvolves 7, and ;. It is due to the stability condition for this branch, i.e. its maximum
mflow should be less than its maximum outflow (see [22] for detail about the sensitivity results). Both
reactions are respectively catalyzed by pyruvate decarboxylase and alcohol dehydrogenase which give
positive control f3thanol flux. Therefore we have that enzymes in the acetaldehyde branch pomt are
the key enzymes i the central metabolism of the veast cell. An experimental observation showed that
aspartate is an mhibitor for pyruvate dehydrogenase complex with inhibition constant, &; =~ 1.9mM
[19]. Some researchers also showed that furfural is another mhibitor for pyruvate dehydrogenase
complex (ry), alcohol dehydrogenase (rs), and acetaldehyde dehydrogenase (#5) with different
inhibition pattern. It inlibits enzymes at the dehydrogenase classes. Activity of pyruvate
dehydrogenase complex (PDH) and alcohol dehydrogenase (AIDH) decreased by more than 90% at a
concentration of less than 2 mM furfural whereas the acetaldehyde dehydrogenase (ADH) activity
decreased by less than 20% at the same concentration [20]. Mathematically, competitive mhibition
model can be formulated to describe the mnhibition eff ects of furfural to the ADH and AIDH activities
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whereas noncompetitive inhibition model can be formulated to describe the inhibition effects of
furfural to the PDH activity. By taking into consideration the furfural inhibition effects to the ADH,
AIDH, and PDH, we then have the kinetic equations for these enzymes as follow

Us k5,85 = v,

5h 55
=0 k= —_—
e (8, +K,) f(sy) ks_rka.f{ss) +hgs5 +Ks s, 85 + ks f(55)
where f(s,)=1+s,/(1+K) is an mhibition function that depends on the ccmcenlratio@" mhibitor sg

with inhibition constant K. We assume that the concentration of mhibitor sy decreases with respect to
the time 7 such that we have

k5f57

S,

,and 7, =7,

d5@ _ s, ©)
dt

with the rate constant @ . We assume that the mhibitor 1s only miroduced to the system at the mtial
of reaction. There is no continuously mhibitor supply. If we assume that the initial concentration of
nhibitor s5 15 5,(0) = p then from Equation (6) we get s (t) = pexp(-t). For a long time of reaction,
the inhibition function becomes [y Fse) = lim[l . pe” ]:1 . Therefore by using the mass action rate law
[ & [ 1+K
for the central metabolism of the yeast cell, we have the following nonlinear differential equation
system,

()= aG-v, - ‘:k =f.
b | 1

5(0f, =0, —— | 5, =2 4v,—2 47, - f
s, +k, s, +k, s, +k, 2 af 5 5
s, + 2
(s, +k,) [1+K]
. $
5,() =2, - i——as, = f,
a2 2
50 =|v, 5 +0, % —as,=f,
5. ‘?6+k?
(5, +k)| T+
: [1+K]
; v ko5, — v, ks s,
5= 0, —2—~ Ao > +9, =f
St (1t ks vk, sork 16
5150 [1+K] sp05 TRy 8 55 K, [1+K]
5, () =1, & =Y = % _asia:fr\!
s, 4k | 148 Stk
SO [1+K]
v, k., s, — v, k. .
5 () = 5585 ~ Vsuls 57 " ™
s . 3 . 3
ks ks, 1+[1_:K]]+k5,,:.5 +ksps;

Sx(-t) = _f)‘sk =fw

with  initial  concentration — for  each  metabolite:s (0)=s, ,s,(0)=s, , 5:,(0) =5, ,5,(0)=s, ,
5:(0)=s, ,5(0)=s, , and s,(0)=s, . Since we model a continues fermentation system, the term oG in
the model denotes the continues mflow of glucose supply and «s, deanes the continuous outflow of

products, 1=3,4,6,7, where « is a dilution rate that represents the volumetric flow rate of glucose
supplied to the culture medium divided by the volume of the culture, ie. O<ea <1 [24].
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3. Mathe matical Analysis
In this smion we analyze the stability of the positive steady state solution of system (7) defined in the
region R® ={(s,,52,53,54,55,56,57,55]6 R*:s,20,i=1,..8}. At the equiibrium condition we have
f.=0,i=1,..7. Therefore from f, =0 we have

. aGk,
5 =220

! _vl—rxG‘

®)

If v, >aG then we have s, >0 defined in R®. Since sy =0 then for f, =0 we get cubic polynomial
in s as follow,

31(53)3 +0,(s, )2 +a,(s,) +a, =0 (9)
with a, = (v, +v, +v,)-aG, a, = (v, +v, -aG)k, +(v, +v, -Gk, +(v,y +v, —aG)k,,
a, = (v, - 2G)k,k, +(v, - aG)k,k, +(v, —aGkk,, a, = -aGkkk,.
If v, >aG,i=1,..4 then a,>0,i=1,2,3. Since a, is negative then there exists one sign change of
the coefficients of polynomial (9). Therefore based on Descartes’ rule of sign, polynomual (9) has only

one positive root. Furthermore consider f, =0 and f, =0. From these equations we get s, = ( _UEZ?)
' S, + K, o

and ¢ 1| %, % | \which depend on s, and s,. Meanwhile from f, =0 we have
4 0 0 2 o 7
| (s, +ky) (s, +k)
'Us-

‘]"5;5;(”5;- +ak,, +as,) . : T s .
- which depends on s, that will be positive if it fulfils the condition s, <—L.
k5r.(1’5; —as;) ' @

By substituting s. to the equation f; =0 we get a cubic polynomial m s, as follows

5. =

by(s,)* +by(s, ) +Dy(s;) +b, =0 (10)

i ) ) V.5, V.5, ak k.8,
with p =o'k, b, =k, (kﬁ—k;f)—kwa{vﬁ+vs,,—s;;;ﬂ],bi=—{vh—s;;;‘:l](v%k;ﬁak;hk;ﬂ—[%«}ﬂ;,ak;hk‘]

5 T

and b, = _U?«Si Kk,

Smce b;<0 and b,>0 then polynomial (14) will produce at least one positive
S+

¥

root defined m R?. This positive root fulfils the condition0<s; <% Last equation is f, =0. This
o

equation generates a quadratic polynomial

CI(S(3)2+CZ(S£3)+C\:0 (11)

with ¢, =a, ¢, =ak, 47, _{ s J . _[%] Since ¢>0 and ¢,<0 then polynomial (15) wil
s+k, ) s +k,
produce one positive root defined in R?. Therefore in conclusion, system (11) has only one positive
. i : e . . vy
steady state solution defined n R* 1f it fulfils the conditions v, > @G, i=1,..,4 and 0<s, < =L We
4

define the steady state solution as follows,

. . . a 5, Y k. 5. (v, +aks, +as.) .
E=(s“---,m)= oGk, - a2 ,l 22, D | TS (Y L ),5{‘157,0
v, —aG (s, +k)a x| (s, +k,) (s, +k) ki,,(vsf—cxs,)
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where s, and s, are the solutions of polynomial (10) and (11). By Inearizing system (7) arround the

equilibrium point E, it gives a linearized system s(f) = Js(t) wheres(t) = (s, (#),...,s4(8)) and | =[}r ! }ﬂ

1s a Jacobian matrix with

) T ek 1 | 0 L 00
(v, 'GG): 0 == = 7 0 (5h+k7)
. i 0 0 (55 +k,)
vk, vk
: o,k 0 |t _4a, 0 A, 0
(”1 'aG) o vk 0 . Y [5 +k )‘
el Bl B 0 | (e e +h
Uk, =2 [slk+ k,) 0 0 0 .U,,kh . _ .Ur"‘? — 0 0
0 %5 4 fo o o (s:+K) (s +k)
i (:\‘1 +k1] ] 0 0 0] 0 A, 0 ~(A+a) 0
K 0 0 0 -5
_ ophan (ke +55 05y tos)), A= o phsu (K +5, (0 %)) Jacobian matrix J generates a characteristic
(kij kii\ + kiil";.;! + kij S; )_ (kij k.:)f' +k5il";.;) +k5_,fh; ]_
equation, det(A1,-],)=0 or det(Al;—],)=0. From det(11,-],)=0 we get
—aG) -aGY) Louk
PR CelcS h=-y—k ;. 4.and 2+ f ) |2+ vk |(7+a)=0.
vk, =2 (53 +k, ) K =2 (52 +k, )

vk, . i 6 g ; flatals aos
ﬁ+a1, A=-a, A =-8, and 2. and A, which are

While from det(i1,-],)=0 we get 3, =-
(-vﬁ +k,

the roots of polynomial 2 +d, A +d, =0 With g | z4a, +a, + vk = 3.0..&.2 +_2Ks —+ah

) (s_;-i-k“) _m_;-i-kh) (s_;-i-k“)
Since d,>0 and d,>0, then we get negative eigenvalues such that the equilibrium pomt E is locally
asymptotically stable.

4. Numerical Results

In this section we present numerical simulation of the model using kinetic parameter values given in
table 1. This simulation is generated to capture the dynamical behavior of the solutigs of the model
and to analyze the inhibition effect of furfural with respect to the ethanol production. In this simulation
we assume that the initial concentrations of variables are s,(0)=83 g/1, s5(0)=10 g/L and s;(0)=0 for all
i=2,...7. Figure 2 shows the comparison of the model with and without inhibition effgzits. We can
observe that the existence of furfural in fermentation system has significgglly affected the production
of acetyl-coa, acetate and ethanol. As shown in figure 2, regulation of the enzymes at the pyruvate and
acetaldehyde branch points decreases the concentration of acetyl-coa and acetate. In contrast,
regulation of the fermentation system mcreases ethanol production as expected. Therefore this
mhibitor has reduced the production of acetyl-cg#as well as acetate. These simulation results are in
agreement with the fact that furfural can mhibit the activity of pyruvate dehydrogenase complex m 7,
alcohol dehydrogenase i rs. and acetaldehyde dehydrogenase in rs. For ethanol observation, although
both solutions converge to the same equilibrium solution, their transient behaviors are different (see
figure 2). After regulating the fermentation system, ethanol concentration increases. However there
exists a certain time at which the ethanol production decreases and goes to zero. It means that there
exists a certain time at which the ethanol production reaches a maximum production and a minimum
production (see figure 3).
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Figure 2. Comparison of solutions with (dashed line) and without (solid line) nhibition effects.

Table 1. Parameter value of parameter of the model.

Parameter Value Ref. Parameter Value Ref.
o 038 1/h [25] vl i o/lh [25]
vl 143 g/lh [25] kf 0.034 g/1 [25])
k1l 094 g/1 [25] vb 0.0125 g/lh [25]
v2 648 g/lh [26] kb 0.057 g/1 [25])
k2 237.5 g/l 126] vh 4.8 g/lh 125]
v3 5.81 g/lh [25] k6 2.64x10-4 [25]
k3 5x10-7 g/l [25] v7 0.0104 g/lh [25]
vd 0.501 g/lh [25] k7 0.0102 g/l [25]
k4 2x10-5 g/l [25] K 0.0019 [19]
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Figure 3. Simulations of ethanol concentration (left) and mhibitor concentration (right) for
different initial concentration of inhibitor.
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Figure 4. Graphs of maxmmal ethanol concentration (left) and fermentation time (right)
with respect to the mitial concentration of mhibitor. The fermentation time mdicates the
time span of fermentation required to produce a maxmmal ethanol concentration.

Furthermore, m figure 4, we present the simulation results for different mitial concentration of
mhibitor. We can observe that different mitial concentration of mhibitor will produce different
maximal concentration of ethanol (see the left picture m figure 4). Some mitial concentrations of
mhibitor produce almost smular maximal concentration of ethanol Whie some other mitial
concentrations of mhibitor produce maximal concentration of ethanol which is higher than the
previous one. For instance, by using 26 g/l mitial concentration of mhibitor and by runnng the
fermentation about 16 hours, 1t produces ethanol concentration about 5.5 g/l. Smular result 1s attamed
when we set the initial concentration of mhibitor becomes 84 g/l and run the fermentation reaction
about 17.5 hours. Although the two schemes of fermentation system generate a smular result, the first
scheme 1s more efficient than the second one since it only needs lower mitial mhibitor concentration
and shorter fermentation time to produce maximum ethanol concentration. Therefore experimentally,
mitial concentration of mhibitor and length of fermentation time should be set appropriately such that
a maximum concentration of ethanol can be attained efficiently.

Conclusion
n this paper we formulated a mathematical modelf@f the central metabolism of yeast cell by taking
mto consideration the inhibitions of some regulation enzymes at the pyruvate and acetaldehyde branch
points. The inhibition mechanisms followed the competitive and noncompetitive inhibition
mechanisms. Analytically the system produced one stable steady stagg if it fulfilled some existences
and stability conditions that restricted the maximum reaction of enzymes at the pyruvate and
acetaldehyde branch points. Numerically we found that inhibitions of the regulating enzymes affected
the production of ethanol significantly. There existed a certain fermentation time at which ethanol
production attained a minimum and a maximum concentration after regulating the system. There also
existed a certain initial concentration of mhibitor that produced a maximum ethanol concentration i a
short time of fermentation reaction.
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