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ARTICLE INFO ABSTRACT
Keywords: A cybernetic model is developed to model the dynamics of mammalian cell growth and
Myeloma cell line metabolism. Especially, the formation of the byproducts such as ammonia and alanine

Unstructured kinetic model
Amino acids

Lysine

Modeling

Growth kinetics

are taken into account in the model. The production of these byproducts is mainly regu-
lated by the competition between transamination and deamination. In addition, amino
acids utilization for protein formation and energy supply is also involved due to lysine lim-
itation found in our experiments. The model is able to simulate the transients of the sub-
strate and byproduct concentrations, the viable and dead biomass as well as the
intracellular concentrations of the intermediates and enzymes. Myeloma cell cultivations
are applied to validate the model.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Mammalian cell culture is widely used for production of many recombinant proteins, which find applications as diagnos-
tic, analytical and therapeutic agents [1,2]. To enhance the productivity of mammalian cell culture, perfusion is often prac-
ticed which results in perturbations in culture conditions [3]. Mathematical models which are able to describe the dynamic
response of cell populations to such perturbations will benefit better control of the process. The aim of this study is to devel-
op a cybernetic model to capture the dynamics of the myeloma cell cultivations. In the literature, the cybernetic framework
was developed by Ramkrishna and co-workers for the description and analysis of the metabolic network of the microorgan-
ism [4,5]. It has been found successful applications in describing the transients of bioreactions [6-10] and the metabolic
pathway regulations in hybridoma cell culture [11-13].

The cybernetic approach is based on the assumption that metabolic systems have evolved optimal goal oriented regu-
latory strategies as a result of evolutionary pressures [5,14]. In other words, in order to realize an optimal nutrient utili-
zation, the metabolic system is considered to be able to redirect the synthesis and activity of the enzymes in the face of
environmental perturbations or genetic alternations to network structure or function. The synthesis and activity of
enzymes are regulated by complicated metabolic and regulatory networks that are represented by cybernetic variables,
denoted as ‘v’ and ‘v, respectively. These cybernetic variables are derived on the basis of the matching law and propor-
tional law [14].

Within the cybernetic framework, the metabolic system is abstracted to suitable pathways of interest. The abstracted
pathway is further decomposed into four types of elementary pathways, i.e. convergent, divergent, linear or cyclic pathways,
in which reactions compete to utilize or produce the same metabolite. Pathway abstraction, and the identifications of the
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Nomenclature

E; the ith enzyme

e; the level of the ith enzyme (g/gdw)

K; saturation constant for the ith reaction (g/L or g/gdw)

K7 in K7.1ys saturation constants for reaction 7 (g/L or g/gdw)
Km7,6in» Km7,1ys Saturation constants for the saturated part of reaction 7 (g/L or g/gdw)
Kscin Ks1ys, saturation constants for reaction 8 (g/L or g/gdw)

Kw, saturation constant for intracellular reaction on My (g/gdw)

Ky saturation constant for synthesis of My on intermediate (g/gdw)

Ko saturation constant for the ith enzyme synthesis (g/gdw)

Kg saturation constant for enzyme synthesis on intracellular lysine (g/gdw)
Kiys saturation constant for lysine uptake (g/L)

Kq constant of cell death rate (g/gdw)

Glc, Gln, Lys_ext, Lys_int glucose, glutamine, extra- and intracellular lysine concentrations (g/L or g/gdw)
Lac, Amm, Ala lactate, ammonia and alanine concentrations (g/L)
My, My, My, M3, My intermediates of the metabolic network

Cwm, the level of ith intermediates (g/gdw)

P; concentration of the ith species (g/L or g/gdw)
I rate of the ith enzyme regulated reaction (1/h)
Tim rate of the ith reaction saturated with enzyme (1/h)
Tei synthesis rate of the ith enzyme (1/h)

Tmin constitutive rate of enzyme synthesis (1/h)
T'e,max maximum enzyme synthesis rate (1/h)

Tiys specific uptake rate of lysine (1/h)

Iysmax Maximum uptake rate of lysine (1/h)

Tg specific growth rate (1/h)

'M, formation rate of Mg (1/h)

D specific death rate

Timax maximum rate of r; (1/h)

Tmimax Maximum rate of rjy, (1/h)

'D,max maximum rate of rp

u; cybernetic variable governing the enzyme synthesis rate of the ith enzyme
Uie, Uig U; for convergent and divergent pathways

U7,dcin U7,dys U7 for divergent pathways of glutamine and lysine utilization

Vi cybernetic variable governing the activity of the ith enzyme

Vie Via Vi for convergent and divergent pathways

V7.dGin» V7.dLys V7 for divergent pathways of glutamine and lysine utilization

Glcg, GIng, Lysg feed concentrations of glucose, glutamine and lysine (g/ L)

I'Momax ~Maximum formation rate of Mg (1/h)

Y; yield coefficient for the ith reaction

Yamm/3, Yamm/s ammonia yield coefficient for reaction 3 and 8

Yala/s alanine yield coefficient for reaction 8

F7cin, F71ys stoichiometric coefficients of glutamine and lysine in reaction 7

Fgcin, Fsnm, stoichiometric coefficients of glutamine and M in reaction 8

Fmom,s FvoMys FugMs, Fmgm, stoichiometric coefficients of M;q-My for Mg synthesis

Xy viable biomass concentration (g/gdw)
Xb dead biomass concentration (g/gdw)
F flow rate of feeding (L/h)

14 culture volume (L)

elementary pathways as well as the corresponding competitions are generally guided by metabolic flux analysis (MFA) re-
sults [9].

In the cybernetic model proposed in this contribution, glucose and glutamine are considered as partial replaceable and
complementary substrates in the metabolic network. Meanwhile, the competition between deamination pathway and trans-
amination pathway to use glutamine to produce a-ketoglutarate (o-KG) is taken into account since these two pathways will
lead to different level of glutamine utilization and different quantity of byproducts (i.e. ammonia and alanine) [15,16]. In
addition, the utilization of amino acids is considered because amino acids limitation often happened in mammalian cell cul-
ture [17-21]. One rigorous batch culture and one Fed-batch culture with pulse feedings are used to validate the proposed
model.
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2. Materials and methods
2.1. Cell line and culture medium

The myeloma cell line X63-Ag8.653 without recombinant products expression was used as model cell line. The base med-
ium used in flask and spinner cultures was RPMI 1640 supplemented with 10% fetal calf serum (FCS) (Gibco, UK), 2 mM glu-
tamine and 80 pg/ml gentamicin. Two feeding media, FM1 and FM2, were used which had the following compositions: FM1
contained 18 g/L glucose and 3 g/L glutamine with 10xRPMI; FM2 contained 17.9 g/L glucose and 3.2 g/L glutamine with
1xRPML

2.2. Cultivation procedures

Both experiments started with a working volume of 150 ml, and glucose and glutamine concentrations of 1.75 g/ and
0.5 g/l, respectively.

Experiment 1: Rigorous batch culture.

Experiment 2: Fed-batch culture with pulse feedings carried out three times at 54.5 h, 73 h and 113 h, respectively. At
54.5h, 2.5 ml FCS and 3.5 ml FM2 were added to achieve the glucose concentration of 1.0 g/l. At 73 h, 8 ml FCS and
4 ml FM2 was added with the target glucose concentration of 1.0 g/l. At 113 h, 10 ml FCS and 3.6 ml FM1 was added.
Before feeding, 13.6 ml supernatant was removed from the culture medium.

Both cell culture experiments were stopped at 134 h. During the cultivation, the temperature was maintained at 37 °C
with a rotation rate of 120 rpm, while the concentrations of CO, and humidity were controlled at 5% and 80%, respectively.

2.3. Analysis method

Glucose and lactate were measured with a YSI2700 analyzer (Ohio, USA). Ammonia concentration was determined by
using enzyme-based assay kits. Amino acids were analyzed by HPLC (KONTRON, Germany) and evaluated with the Kro-
ma2000 software.

3. Metabolic pathways in myeloma cells

A simplified metabolic network in mammalian cells is depicted in Fig. 1 [12,15,16,22]. It consists of glycolysis, pentose
phosphate pathway (PPP), glutaminolysis, TCA cycle and amino acid utilization pathways.

Glycolysis represents a biochemical pathway in which glucose is firstly converted into pyruvate. Pyruvate is then used for
ATP generation via TCA cycle or be converted to lactate which will be secreted from the cell to the medium. The net reaction
for the conversion of glucose to pyruvate is

Glucose + 2ADP 4 2NAD" + 2P; — 2Pyruvate + 2ATP + 2NADH + 2H" + 2H,0. (1)

Eq. (1) shows a net reduction of NAD" to NADH such that glycolysis would not be sustainable if there were no way to regen-
erate the NAD*. Under aerobic conditions, this will be mainly balanced by oxidative phosphorylation in which NADH is oxi-
dized to NAD". Otherwise, the degradation of pyruvate to lactate will serve dominantly to regenerate the NAD" as shown in

Eq. (2)
Pyruvate + NADH + H" — Lactate + NAD". (2)
The primary function of the PPP is to produce NADPH and ribose 5-phosphate. NADPH is one of the pyridine nucleotides used
for reductive biosynthesis. Ribose 5-phosphate is required for the synthesis of many important compounds like DNA, RNA,
CoA and NAD".
Glutaminolysis is to utilize glutamine for energy production. In glutaminolysis, glutamine is converted to pyruvate with

the concomitant of NADH. The carbon skeleton of glutamine enters the TCA cycle via a-ketoglutarate (o-KG) and leaves via
malate which is then converted to pyruvate. The primary pathway of glutamine to o-KG is believed to go through glutamate

Glutamine — Glutamate + NH;. (3)
The conversion of glutamate to o-KG can proceed via deamination or transamination

Glutamate + NAD(P)™ — o-KG + NH; + NAD(P)H, (4)
Pyruvate + Glutamate — Alanine + o-KG. (5)
TCA cycle has the dual roles of generating energy and providing biosynthesis precursors. The carbon atoms from glucose via

Ac-CoA are oxidized completely to CO,. This process will convert NAD* to NADH and produce ATP. As stated above,
glutamine enters the TCA cycle via o-KG and then follows the cycle to produce NADH which is used for ATP generation when
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Fig. 1. Simplified metabolic pathways of myeloma cell line.

coupled with oxidative phosphorylation. Amino acids but not glutamine also participate TCA cycle via different points
(Fig. 1).

Amino acids are used to produce protein, nucleic acids, and oxidation via TCA cycle. Some amino acids are synthesized
and then excreted to the medium [23].

4. Cybernetic model formulation
In general, the procedure of identifying cybernetic models consists of the following steps [13]:

1. Pathway abstraction. Only the suitable pathways of interest will be considered in the cybernetic structure.

2. Identification of the elementary pathway. The abstracted network is considered consisting of convergent, divergent, lin-
ear or cyclic pathways.

3. Identification of the competitions in the elementary pathway.

. Definition of cybernetic variables.

5. Formulation of the species balance equations.

N

4.1. Pathway abstraction

The metabolic network given above is abstracted according to the MFA results of the work [22,24,25], see Fig. 2. Glucose is
utilized either to form pyruvate (M;) through glycolysis or to produce intermediates (M3) through PPP. Pyruvate may then
either enter TCA cycle (M,) for energy generating or be converted to lactate. A small part of pyruvate will participate in the
pathway leading to the formation of alanine. The intermediates of TCA cycle, denoted by M,, contribute to the pyruvate pool.
Glutamine utilization serves for both energy generating via TCA cycle and protein formation (M,). For energy generating, the
amino groups of glutamine are used either to produce alanine through transamination reaction (Eg) or to generate ammonia
by deamination reaction (Ez). The growth precursors, i.e. M, M, M3 and My, are considered to form the rest of biomass de-
noted by My. Lysine limitation was observed in our myeloma cell cultivations so that lysine utilization is involved in this
modeling. Lysine is either channeled into TCA cycle or together with glutamine into the pathway of protein formation.



88 Y.-H. Liu et al./Applied Mathematics and Computation 205 (2008) 84-97

Glucose

Protein formation

. . E,
Glutamine Lysine—»p,

Fig. 2. Abstracted metabolic pathways used in the cybernetic model. Solid arrows indicate the pathways regulated by enzymes; dashed arrows indicate the
pathways with saturated enzymes.

4.2. Identification of elementary pathways, competitions, and formulation of cybernetic variables

The abstracted metabolic network is further represented with two subnetworks, namely subnetwork (a) and (b), as
shown in Fig. 3. Subnetwork (a) comprises a convergent pathway in which E;; and E;; compete for the utilization of glucose
to produce M;. The conversion of M; to lactate is also regarded as a part of this subnetwork because the formation of pyru-
vate from glucose, and lactate from pyruvate occur concurrently [12]. Subnetwork (b) consists of one convergent pathway
and two divergent pathways. The convergent pathway involves three enzymes E3, E4 and Eg that compete to produce M,. One
of the divergent pathways is considered to illustrate the competition of glutamine utilization with respect to enzymes Es, E;
and Eg. The other is to demonstrate the competition of intracellular lysine utilization to form M4 and M, via E; and Eg,
respectively.

Enzymes Eq;, and E{; compete in a substitutable manner for glucose utilization. Enzyme E;; is considered to dominate the
pathway under the condition of high level of glucose, while Eq; takes over under glucose starvation conditions. The cyber-
netic variable uy;, for the synthesis of enzyme E;;, is also used as a global cybernetic variable for the enzyme Eg, for lactate
formation from pyruvate. The PPP is modeled to produce the M3 moiety which can not be made from glutamine. Also, the
glutamine — M, pathway produces protein which can not be formed from glucose. The enzymes of PPP are assumed to be
saturated. Enzymes E; and Eg compete to produce M, from glutamine. Meanwhile, these two enzymes together compete
with E; to utilize glutamine. On the other hand, E; and Eg compete with E4 to form M,. The convergent competition among
Es, E4 and Eg has effect on the divergent competition among Es, E; and Eg. The processes, lysine — M, and lysine — My, are
modeled as a divergent competition. The lysine — M, pathway may be promoted at a high level of intracellular lysine while
lysine — M4 may be promoted at a low level of intracellular lysine. The flux of lysine incorporated into the protein formation
is regulated by E-. The flux of the reaction glutamine + lysine — My can be separated into two parts. One of them ensures a
basal level of M, for biomass synthesis. Intermediates My, M, M3 and My leads to the formation of the rest of biomass, de-
noted by My. All of the intracellular reactions are then considered be catalyzed by M.

a Glucose

«—2_'Glutamine

E,
L (<]
actate «—— M, Lysine m,

Fig. 3. Subnetworks to represent the abstracted metabolic pathways. (a) convergent pathway for glucose utilization together with lactate formation and (b)
one convergent pathways for M, formation, and two divergent pathways for glutamine and lysine utilizations, respectively.



Y.-H. Liu et al./Applied Mathematics and Computation 205 (2008) 84-97 89

As proposed by Straight and Ramkrishna [14], the objective function of the divergent competition is to maximize the
mathematical product of the levels of end products. The cybernetic variables in divergent competitions are therefore derived
from the matching law equation with the formulations shown below:

Usg = s
4T 3+ Fromr7 + Fsoinls’
U7 dcin = Frants ,
3+ F7 g7 + Fscinl's
Ugg = Fscinr's ‘
13+ F76nr7 + Feginls’
Vaq = s
>4 max(rs, F7.cinf7, FsanTs)
V7.dGIn = Frculs ,
' max(rs, F7cinr7, Fscmr's)
Ved = Fgcinls ‘
© max(r3,F7omr7, Fgomrs)’
U7 dLys = 7F7.Lysr7 , Uggq = 7]‘9 s
F7.Lysr7 +T9 F7_Ly5r7 +T9
V7,dLys = F7.Lysr7 Vg d T

max(F7yst7, 7o)’ "~ max(Fyysr7,79)

Similarly, the objective of convergent competition is to maximize the end product. The cybernetic variables in convergent
pathways are defined as follows:

T il
Uhe =7 UWic=T"7T—,
Tip +T1 T+ Tu
T il
Vine = 7~~~ Vile =~
e max(ry, )’ max(ro, )’
e — Ywm, /33
.
Y, /313 + Yarg 4 Y, s7s 7
u Y4I’4
4c =
Y, 313 + Yarg 4 Y, s7s 7
e Ym,/87s
.C —
Y, /313 + Yarg 4 Y, s7s 7
i Y, /373
3¢ —
max(Yw, /373, Yara, Y, s7s)’
Y4T4
V4,c

a max(Ywm, /313, Yara, Ym,/s1s) '
_ Y, /8l's
max(Ywm,3r3, Yara, Ym,/sls)

Vg

4.3. Kinetic expressions

The reaction rates of the pathways with enzyme regulation involved are assumed to follow Monod-type kinetics:

P; CMo €; .
o =1h,11,3,4,6,
i = Timax b e Co + Ko e Vi=1h,11,3,4,6,9, (6)
o Gln Lys_int Cwm, e; ™
77 P GIn + K7 g LysAnt + K7 1ys Cu + Kty €max
GIn M C e
I's = I'g max ! Mo 8 (8)

GIn + KS,Gln M + Kgwm CMo + KMo Cmax

The pathway glucose — M3, and the reaction glutamine + lysine — My for the basal level of protein formation are assumed
saturated with enzyme. The kinetics of reaction rates therefore are

o Glc CMo
2m = 'm2max GIC I sz CMO ¥ KMU ) (9)
. GIn Lys_int Cw, (10)

=T, N .
m I G 4 Koz cin LySANt + Km71ys Cutp + Kuy
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The conversion from M, to M; is assumed not to be regulated to compete with any other pathway. Thus the reaction rate is
—r M, Cw,

> MM, +Ks C, + Ky

Uptake rate of extra-cellular lysine is modeled as follows:

Lys_ext
Lys_ext + Kiys - (12)

. (11)

rLys = rLys,max

Synthesis rate of enzyme e; denoted as r,; is assumed dependent on its substrates and the limiting amino acid (lysine)

P; Lys_int
& = e b K, Lys.int + Kg
Formation rate of biomass My is dependent on the four intermediates M;-My4

B Cwm, Cw, Cw, Cw,
Mo = Mo, max o Ry Gy + Kt Cogy + Kna Cry + Kt (14)
Finally, the growth rate is obtained by
Tg = YirinVin ¢ + YiruVige + Ymalom + Y, 373V cVaa + YoToVaa + Y7(r7VzacinV7diys + T7m) + (Y4 — 1)1ava,

+ (Ys — 1)r5 + Y, 878V8,cVsd — T'6Vin, ¢ — FsaalsVs.cVsd — Yamm/3T3V3.cV3d — Yamm/sl'sVs.cVsd — Yaia/sTsVs.cVsd

+ vy (1 — Fmgm, — Fmom, — Fvgm; — Fvgmy )- (15)
P;in Eqgs. (6) and (13) is the reactant in the ith pathway, which is Glc for i = 1h, 1; GIn for i = 3; Lys fori=7, 9; Cy, fori=4, 6,

8.
Cell death rate is assumed to be determined by the level of intracellular lysine

., Ko
P IPmXTvs int + Kp

. Vi=1h,11,3,4,6,7,8,9. (13)

T

. (16)
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Fig. 4. Dynamics of cybernetic variables in Experiment 1.
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4.4. Species balance

Balance on substrates, byproducts and biomass in the reactor:

dGlc F
—— = —("nVin ¢ + Tuvare + ram)Xv + 5 (Gleg — Glo),
dt 1%
dGIn F
g = ~(13VacVsa + FsanTeVscvsa + Franr7vaacin + Fromrzm)Xv +; (GIng — Gln),
dLys_ext F
i - —IysXv + v (Lysg — Lys_ext),
dXy F
ar (rg — 1o)Xy — VXW
dX F
d—tD =rpXy — Vxl:h
dLac F
T = YSrSV]hXV - vLaC7
dAla F
ar = Yaia/sTsVs Vg aXv — VAlaﬂ
dAmm F
—dr (Yamm/sTsVs,cVsd + Yamm/3T3V3,cV3d)Xv — VAmlTl-
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Fig. 5. Dynamics of enzymes levels (g/gdw) in Experiment 1.
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Balances on intracellular intermediates and non-intermediates

dCy
dt] =Y (FnVin, ¢ + TuVaie) + Ysr's — FaVac — TeVin, ¢ — FealalsVa.cVe.d — Fuvgm, Ty — TgCwmy (25)
dCy
Tz =Ywm,373V3.cV3d + Y, 8T8Vs cVad + YaraVyc + oV g — Ysr's — Fayg my vy — TgCmy s (26)
dCy
dt3 = Ymalam — Fvg, M5y — rgCM37 (27)
dCy
dt4 =Y7(r7v7.acinV7.diys + 7.m) — Fymg, M, "My — TgCmMy (28)
dLys_int .
—ar Tiys — (F71ys77V7.acnV7.diys + F71ysT7.m + Vo a) — Tglys.int, (29)
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Fig. 6. Dynamics of intermediates levels (g/gdw) in Experiment 1.
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Y.-H. Liu et al./Applied Mathematics and Computation 205 (2008) 84-97 93

dCw,

dr = TMO — rgCMU~ (30)
Balances on enzyme levels
%:re,minﬁ-relui—(rg-i-b)ei, i=1h,11,3,4,6,7,8,9, (31)

Table 1
Parameters used in model simulations

Maximum rate (1/h)

Saturation constants

Yields and others

T'1h,max 0.85 Kin (g/L) 0.1 Y; 1
(7l 0.022 Ky (g/L) 0.001 Y2 1
[ Fimrer 0.01 Kz (g/L) 0.005 Ym, 3 0.68
'3 max 0.018 K5 (g/L) 0.02 Va2 0.03
(72 s 0.012 K4 (g/gdw) 0.01 Y4 0.7
(75 e 0.03 Ks (g/gdw) 0.05 Ys 1
T'6,max 0.6 Ks (g/gdw) 0.05 Ye 0.7
(77 5 0.01 K7 (8/L) 0.001 Y7 0.4
e 0.0012 K7,1ys (g/L) 0.0001 Ym, /8 0.62
Tg;max 0.42 Km7.cin (g/L) 0.0003 Yalass 0.38
T9,max 0.01 Kin7,Lys (&/L) 0.00001 Yo 1
rLys,max 0.008 KS,Gln (g/]—) 0.08 FMQ.M| 0.2
. 0.85 Ksw, (g/gdw) 0.05 PRl 0.15
(Fames 0.001 Ky (g/gdw) 0.02 Fuym, 0.15
- 0.002 Kiys (g/L) 0.001 [ 0.2
Ky, (g/gdw) 0.01 F7cin 0.36
Ky (g/gdw) 0.05 Fruys 0.64
Kt (g/gdw) 0.00001 FsGin 0.62
Kp (g/gdw) 0.01 Fgm, 0.38
15, 15,
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Fig. 8. Dynamics of cybernetic variables in Experiment 2.
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where the cybernetic u; variable is Uy, U1jc, Us,cUsd, Use, Uh, U7,dGIn U7.dLys Us,cUs,a and Ug g for the respective 1h, 11,3, 4,6,7,8
and 9.

5. Results

The cybernetic model is validated by two myeloma cell cultivations. Figs. 4-7 show the time courses of Experiment 1,
which was carried out in a rigorous batch mode. All enzymes are initially assumed to be expressed to 10% of the maximum
level en.x since cells are maintained in a situation of poor substrates prior to experiments.

Fig. 4 shows the time profiles of the cybernetic variables ‘v’. During the previous stage of cultivation (before 40 h), cells
are growing in a medium with a high level of glucose and lysine. That means reactions 1h and 9 (Fig. 2) will dominate the
pathway. As a result, cybernetic variables uqc and ug 4 are close to 1 while variables uy;c and u7 q1ys quickly decay to zero. For
glutamine utilization, reaction (8) wins the competition which results in a large value of ug 4, a small value of u3 4 and a zero
U7.4cin- This is caused by a high level of glutamine and the abundance of M;. Lysine is depleted at about 50 h and hence cells
switch to make use of the intracellular pool. According to model simulation, intracellular lysine is exhausted at about 70 h.
This makes the cybernetic variables u7 41ys and ug 4 directly drop to zero. During the last period of the cultivation, the values
of Uqp Ugg and ug. show a slight decline, while their counterpart increase slowly.

The enzyme profiles are depicted in Fig. 5. At the beginning of the experiment, enzymes Eqp, Esand Eg keep increasing till
to the maximum level. At the same time, Eq;, E5 and E; are quickly degraded. In the convergent pathway for M, production, Eg
also competes with Es, E4 and comes out to be a winner. This causes the degradation of E; and E,4. Later, E;j, Esand Eg are
reduced with the decreasing of glucose, glutamine and lysine concentrations, respectively. Enzyme Eg is driven by the same
cybernetic variable as E;j, so that it shows a similar trend as Eqj. Finally, all the enzymes hit zero because enzyme synthesis is
hampered due to lysine limitation.
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Fig. 9. Dynamics of enzyme levels (g/gdw) in Experiment 2.
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Fig. 6 shows the profiles of the intermediates that act as connections between various reactions. The dynamics of biomass,
substrate and byproduct are demonstrated in Fig. 7.

Parameters used in model simulation of Experiment 1 are given in Table 1. The reaction rate constants are determined by
tuning the model simulations to the experimental data. The yield coefficient of the reaction is the ratio between the weight
of the reactant and product, while the enzyme constants are obtained from literature [12,23]. The values of saturation
constant K,; are all equal to the corresponding K;, except for Keq;, = 20K;,. Maximum enzyme amount is calculated as eq.x=
(Te, in * Temax)/('M,max+b), where re nin=1e—07 g/(gdw h) and b = 0.1/h [11]. All these parameters are further used to simulate
Experiment 2.

Fig. 8-11 show the time profiles of Experiment 2 in which three doses of feeding medium were added at 54.5 h, 73 h and
113 h, respectively. During the whole cultivation, cybernetic variables u;,. dominate uq;. since glucose are maintained at a
high level. Time courses of enzyme are similar to Experiment 1 before the first feeding. After the first feeding, E,;, Eg, Eg and
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Fig. 10. Dynamics of intermediates levels (g/gdw) in Experiment 2.
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Eg are maintained at a high level, as indicates that three doses of medium feeding have prevented these four enzymes from
decreasing. Obviously, the model prediction and the measurements largely agree with each other (Fig. 11).

6. Discussion and conclusion

The cybernetic models found in the literature are mostly based on the steady state balance of the metabolic network [26-
28], where the transients of the state variables are excluded. As a comparison, the cybernetic model proposed in this paper
captures the dynamic regulatory behavior of cell growth so that it is able to depict the transient behavior traversing through
multiple domains of metabolic shifts. By considering glutamine utilization through transamination and deamination to pro-
duce a-KG, the production of ammonia and alanine is modeled. At the same time, lysine is modeled as the energy supplier
and protein building block. Model validation is performed with myeloma cell cultivations without product expression. The
model simulations are found to be consistent with the measurements with a reasonable accuracy.

Although cybernetic models have been proved successful for dealing with the diverse effects of metabolic regulation in
numerous microbial processes, they are seldom used for mammalian cell culture modeling. The extremely complicated
internal structure of mammalian cells presents a challenge to determine the objective functions in the cybernetic frame-
work. On the other hand, pathway abstraction as well as the identification of element pathways and competitions relies
on metabolic flux analysis (MFA) to a considerable extent. Further development of MFA technologies will be beneficial to
the application of the cybernetic modeling approach.
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