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A cybernetic model is developed to model the dynamics of mammalian cell growth and
metabolism. Especially, the formation of the byproducts such as ammonia and alanine
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 ‘u’ 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
. All rights reserved.
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Nomenclature

Ei the ith enzyme
ei the level of the ith enzyme (g/gdw)
Ki saturation constant for the ith reaction (g/L or g/gdw)
K7,Gln, K7,Lys saturation constants for reaction 7 (g/L or g/gdw)
Km7,Gln, Km7,Lys saturation constants for the saturated part of reaction 7 (g/L or g/gdw)
K8,Gln, K8,Lys, saturation constants for reaction 8 (g/L or g/gdw)
KM0 saturation constant for intracellular reaction on M0 (g/gdw)
KM saturation constant for synthesis of M0 on intermediate (g/gdw)
Kei saturation constant for the ith enzyme synthesis (g/gdw)
KE saturation constant for enzyme synthesis on intracellular lysine (g/gdw)
KLys saturation constant for lysine uptake (g/L)
Kd 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)
M0, M1, M2, M3, M4 intermediates of the metabolic network
CMi

the level of ith intermediates (g/gdw)
Pi concentration of the ith species (g/L or g/gdw)
ri rate of the ith enzyme regulated reaction (1/h)
ri,m rate of the ith reaction saturated with enzyme (1/h)
rei synthesis rate of the ith enzyme (1/h)
rmin constitutive rate of enzyme synthesis (1/h)
re,max maximum enzyme synthesis rate (1/h)
rLys specific uptake rate of lysine (1/h)
rLys,max maximum uptake rate of lysine (1/h)
rg specific growth rate (1/h)
rM0 formation rate of M0 (1/h)
rD specific death rate
ri,max maximum rate of ri (1/h)
rmi,max maximum rate of ri,m (1/h)
rD,max maximum rate of rD

ui cybernetic variable governing the enzyme synthesis rate of the ith enzyme
ui,c, ui,d ui for convergent and divergent pathways
u7,dGln, u7,dLys u7 for divergent pathways of glutamine and lysine utilization
vi cybernetic variable governing the activity of the ith enzyme
vi,c, vi,d vi for convergent and divergent pathways
v7,dGln, v7,dLys v7 for divergent pathways of glutamine and lysine utilization
GlcF, GlnF, LysF feed concentrations of glucose, glutamine and lysine (g/ L)
rM0 ;max maximum formation rate of M0 (1/h)
Yi yield coefficient for the ith reaction
YAmm/3, YAmm/8 ammonia yield coefficient for reaction 3 and 8
YAla/8 alanine yield coefficient for reaction 8
F7,Gln, F7,Lys stoichiometric coefficients of glutamine and lysine in reaction 7
F8,Gln, F8;M1 stoichiometric coefficients of glutamine and M1 in reaction 8
FM0 ;M1 ; FM0 ;M2 ; FM0 ;M3 ; FM0 ;M4 stoichiometric coefficients of M1–M4 for M0 synthesis
XV viable biomass concentration (g/gdw)
XD dead biomass concentration (g/gdw)
F flow rate of feeding (L/h)
V culture volume (L)
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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 (a-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 lg/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 10�RPMI; FM2 contained 17.9 g/L glucose and 3.2 g/L glutamine with
1�RPMI.

2.2. Cultivation procedures

Both experiments started with a working volume of 150 ml, and glucose and glutamine concentrations of 1.75 g/l 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
54.5 h, 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 CO2 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
Glucoseþ 2ADPþ 2NADþ þ 2Pi ! 2Pyruvateþ 2ATPþ 2NADHþ 2Hþ þ 2H2O: ð1Þ
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)
Pyruvateþ NADHþHþ ! Lactateþ NADþ: ð2Þ
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 (a-KG) and leaves via
malate which is then converted to pyruvate. The primary pathway of glutamine to a-KG is believed to go through glutamate
Glutamine! Glutamateþ NHþ4 : ð3Þ
The conversion of glutamate to a-KG can proceed via deamination or transamination
Glutamateþ NADðPÞþ ! a-KGþ NHþ4 þ NADðPÞH; ð4Þ
Pyruvateþ Glutamate! Alanineþ a-KG: ð5Þ
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 CO2. This process will convert NAD+ to NADH and produce ATP. As stated above,
glutamine enters the TCA cycle via a-KG and then follows the cycle to produce NADH which is used for ATP generation when



Fig. 1. Simplified metabolic pathways of myeloma cell line.
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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.
4. Definition of cybernetic variables.
5. Formulation of the species balance equations.

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 (M1) through glycolysis or to produce intermediates (M3) through PPP. Pyruvate may then
either enter TCA cycle (M2) 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 M2, contribute to the pyruvate pool.
Glutamine utilization serves for both energy generating via TCA cycle and protein formation (M4). For energy generating, the
amino groups of glutamine are used either to produce alanine through transamination reaction (E8) or to generate ammonia
by deamination reaction (E3). The growth precursors, i.e. M1, M2, M3 and M4, are considered to form the rest of biomass de-
noted by M0. 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.



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.
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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 E1h and E1l compete for the utilization of glucose
to produce M1. The conversion of M1 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 E8 that compete to produce M2. One
of the divergent pathways is considered to illustrate the competition of glutamine utilization with respect to enzymes E3, E7

and E8. The other is to demonstrate the competition of intracellular lysine utilization to form M4 and M2 via E7 and E9,
respectively.

Enzymes E1h and E1l compete in a substitutable manner for glucose utilization. Enzyme E1h is considered to dominate the
pathway under the condition of high level of glucose, while E1l takes over under glucose starvation conditions. The cyber-
netic variable u1h for the synthesis of enzyme E1h is also used as a global cybernetic variable for the enzyme E6, for lactate
formation from pyruvate. The PPP is modeled to produce the M3 moiety which can not be made from glutamine. Also, the
glutamine ? M4 pathway produces protein which can not be formed from glucose. The enzymes of PPP are assumed to be
saturated. Enzymes E3 and E8 compete to produce M2 from glutamine. Meanwhile, these two enzymes together compete
with E7 to utilize glutamine. On the other hand, E3 and E8 compete with E4 to form M2. The convergent competition among
E3, E4 and E8 has effect on the divergent competition among E3, E7 and E8. The processes, lysine ? M2 and lysine ? M4, are
modeled as a divergent competition. The lysine ? M2 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 E7. The flux of the reaction glutamine + lysine ? M4 can be separated into two parts. One of them ensures a
basal level of M4 for biomass synthesis. Intermediates M1, M2, M3 and M4 leads to the formation of the rest of biomass, de-
noted by M0. All of the intracellular reactions are then considered be catalyzed by M0.
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 M2 formation, and two divergent pathways for glutamine and lysine utilizations, respectively.
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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:
u3;d ¼
r3

r3 þ F7;Glnr7 þ F8;Glnr8
;

u7;dGln ¼
F7;Glnr7

r3 þ F7;Glnr7 þ F8;Glnr8
;

u8;d ¼
F8;Glnr8

r3 þ F7;Glnr7 þ F8;Glnr8
;

v3;d ¼
r3

maxðr3; F7;Glnr7; F8;Glnr8Þ
;

v7;dGln ¼
F7;Glnr7

maxðr3; F7;Glnr7; F8;Glnr8Þ
;

v8;d ¼
F8;Glnr8

maxðr3; F7;Glnr7; F8;Glnr8Þ
;

u7;dLys ¼
F7;Lysr7

F7;Lysr7 þ r9
; u9;d ¼

r9

F7;Lysr7 þ r9
;

v7;dLys ¼
F7;Lysr7

maxðF7;Lysr7; r9Þ
; v9;d ¼

r9

maxðF7;Lysr7; r9Þ
:

Similarly, the objective of convergent competition is to maximize the end product. The cybernetic variables in convergent
pathways are defined as follows:
u1h;c ¼
r1h

r1h þ r1l
; u1l;c ¼

r1l

r1h þ r1l
;

v1h;c ¼
r1h

maxðr1h; r1lÞ
; v1l;c ¼

r1l

maxðr1h; r1lÞ
;

u3;c ¼
YM2=3r3

YM2=3r3 þ Y4r4 þ YM2=8r8
;

u4;c ¼
Y4r4

YM2=3r3 þ Y4r4 þ YM2=8r8
;

u8;c ¼
YM2=8r8

YM2=3r3 þ Y4r4 þ YM2=8r8
;

v3;c ¼
YM2=3r3

maxðYM2=3r3;Y4r4; YM2=8r8Þ
;

v4;c ¼
Y4r4

maxðYM2=3r3;Y4r4; YM2=8r8Þ
;

v8;c ¼
YM2=8r8

maxðYM2=3r3;Y4r4; YM2=8r8Þ
:

4.3. Kinetic expressions

The reaction rates of the pathways with enzyme regulation involved are assumed to follow Monod-type kinetics:
ri ¼ ri;max
Pi

Pi þ Ki

CM0

CM0 þ KM0

ei

emax
8i ¼ 1h;1l;3;4;6;9; ð6Þ

r7 ¼ r7;max
Gln

Glnþ K7;Gln

Lys int
Lys intþ K7;Lys

CM0

CM0 þ KM0

e7

emax
; ð7Þ

r8 ¼ r8;max
Gln

Glnþ K8;Gln

M1

M1 þ K8;M1

CM0

CM0 þ KM0

e8

emax
: ð8Þ
The pathway glucose ? M3, and the reaction glutamine + lysine ? M4 for the basal level of protein formation are assumed
saturated with enzyme. The kinetics of reaction rates therefore are
r2;m ¼ rm2;max
Glc

Glcþ Km2

CM0

CM0 þ KM0

; ð9Þ

r7;m ¼ rm7;max
Gln

Glnþ Km7;Gln

Lys int
Lys intþ Km7;Lys

CM0

CM0 þ KM0

: ð10Þ
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The conversion from M2 to M1 is assumed not to be regulated to compete with any other pathway. Thus the reaction rate is
r5 ¼ r5;max
M2

M2 þ K5

CM0

CM0 þ KM0

: ð11Þ
Uptake rate of extra-cellular lysine is modeled as follows:
rLys ¼ rLys;max
Lys ext

Lys extþ KLys
: ð12Þ
Synthesis rate of enzyme ei denoted as rei is assumed dependent on its substrates and the limiting amino acid (lysine)
rei
¼ rei;max

Pi

Pi þ Kei

Lys int
Lys intþ KE

8i ¼ 1h;1l;3;4;6;7;8;9: ð13Þ
Formation rate of biomass M0 is dependent on the four intermediates M1–M4
rM0 ¼ rM0 ; max
CM1

CM1 þ KM

CM2

CM2 þ KM

CM2

CM2 þ KM

CM2

CM2 þ KM
: ð14Þ
Finally, the growth rate is obtained by
rg ¼ Y1r1hv1h; c þ Y1r1lv1l;c þ Ym2r2;m þ YM2=3r3v3;cv3;d þ Y9r9v9;d þ Y7ðr7v7;dGlnv7;dLys þ r7;mÞ þ ðY4 � 1Þr4v4;c

þ ðY5 � 1Þr5 þ YM2=8r8v8;cv8;d � r6v1h; c � F8;Alar8v8;cv8;d � YAmm=3r3v3;cv3;d � YAmm=8r8v8;cv8;d � YAla=8r8v8;cv8;d

þ rM0 ð1� FM0 ;M1 � FM0 ;M2 � FM0 ;M3 � FM0 ;M4 Þ: ð15Þ
Pi in Eqs. (6) and (13) is the reactant in the ith pathway, which is Glc for i = 1h, 1l; Gln for i = 3; Lys for i = 7, 9; CM1 for i = 4, 6,
8.

Cell death rate is assumed to be determined by the level of intracellular lysine
rD ¼ rD;max
KD

Lys intþ KD
ð16Þ
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
dt
¼ �ðr1hv1h; c þ r1lv1l;c þ r2;mÞXV þ

F
V
ðGlcF � GlcÞ; ð17Þ

dGln
dt
¼ �ðr3v3;cv3;d þ F8;Glnr8v8;cv8;d þ F7;Glnr7v7;dGln þ F7;Glnr7;mÞXV þ

F
V
ðGlnF � GlnÞ; ð18Þ

dLys ext
dt

¼ �rLysXV þ
F
V
ðLysF � Lys extÞ; ð19Þ

dXV

dt
¼ ðrg � rDÞXV �

F
V

XV; ð20Þ

dXD

dt
¼ rDXV �

F
V

XD; ð21Þ

dLac
dt
¼ Y6r6v1hXV �

F
V

Lac; ð22Þ

dAla
dt
¼ YAla=8r8v8;cv8;dXV �

F
V

Ala; ð23Þ

dAmm
dt

¼ ðYAmm=8r8v8;cv8;d þ YAmm=3r3v3;cv3;dÞXV �
F
V

Amm: ð24Þ
Fig. 5. Dynamics of enzymes levels (g/gdw) in Experiment 1.
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Balances on intracellular intermediates and non-intermediates
Fig. 7.
ammon
dCM1

dt
¼ Y1ðr1hv1h; c þ r1lv1l;cÞ þ Y5r5 � r4v4;c � r6v1h; c � F8;Alar8v8;cv8;d � FM0 ;M1 rM0 � rgCM1 ; ð25Þ

dCM2

dt
¼ YM2=3r3v3;cv3;d þ YM2=8r8v8;cv8;d þ Y4r4v4;c þ r9v9;d � Y5r5 � FM0 ;M2 rM0 � rgCM2 ; ð26Þ

dCM3

dt
¼ Ym2r2;m � FM0 ; M3 rM0 � rgCM3 ; ð27Þ

dCM4

dt
¼ Y7ðr7v7;dGlnv7;dLys þ r7;mÞ � FM0 ; M4 rM0 � rgCM4 ; ð28Þ

dLys int
dt

¼ rLys � ðF7;Lysr7v7;dGlnv7;dLys þ F7;Lysr7;m þ r9v9;dÞ � rgLys int; ð29Þ
Fig. 6. Dynamics of intermediates levels (g/gdw) in Experiment 1.

a b

c d

Time courses of Experiment 1. (a) Viable and dead biomass concentrations, (b) glucose, lactate and alanine concentrations, (c) glutamine and
ia concentrations and (d) extra- and intracellular lysine concentrations. Lines: model simulations; symbols: measurements.



Table 1
Parame

Maxim

r1h,max

r1l,max

rm2,max

r3,max

r4,max

r5,max

r6,max

r7,max

rm7,max

r8,max

r9,max

rLys,max

rM0,max

re,max

rD,max
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dCM0

dt
¼ rM0 � rgCM0 : ð30Þ
Balances on enzyme levels
dei

dt
¼ re;min þ rei

ui � ðrg þ bÞei; i ¼ 1h;1l;3;4;6;7;8;9; ð31Þ
ters used in model simulations

um rate (1/h) Saturation constants Yields and others

0.85 K1h (g/L) 0.1 Y1 1
0.022 K1l (g/L) 0.001 Ym2 1
0.01 Km2 (g/L) 0.005 YM2=3 0.68
0.018 K3 (g/L) 0.02 YAmm/3 0.03
0.012 K4 (g/gdw) 0.01 Y4 0.7
0.03 K5 (g/gdw) 0.05 Y5 1
0.6 K6 (g/gdw) 0.05 Y6 0.7
0.01 K7,Gln (g/L) 0.001 Y7 0.4
0.0012 K7,Lys (g/L) 0.0001 YM2=8 0.62
0.42 Km7,Gln (g/L) 0.0003 YAla/8 0.38
0.01 Km7,Lys (g/L) 0.00001 Y9 1
0.008 K8,Gln (g/L) 0.08 FM0 ;M1 0.2
0.85 K8;M1 (g/gdw) 0.05 FM0 ;M2 0.15
0.001 K9 (g/gdw) 0.02 FM0 ;M3 0.15
0.002 KLys (g/L) 0.001 FM0 ;M4 0.2

KM0 (g/gdw) 0.01 F7,Gln 0.36
KM (g/gdw) 0.05 F7,Lys 0.64
KE (g/gdw) 0.00001 F8,Gln 0.62
KD (g/gdw) 0.01 F8;M1 0.38

Fig. 8. Dynamics of cybernetic variables in Experiment 2.
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where the cybernetic ui variable is u1h,c, u1l,c, u3,cu3,d, u4,c, u1h, u7,dGln u7,dLys, u8,cu8,d and u9,d for the respective 1h, 1l, 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 emax since cells are maintained in a situation of poor substrates prior to experiments.

Fig. 4 shows the time profiles of the cybernetic variables ‘u’. 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 u1h,c and u9,d are close to 1 while variables u1l,c and u7,dLys quickly decay to zero. For
glutamine utilization, reaction (8) wins the competition which results in a large value of u8,d, a small value of u3,d and a zero
u7,dGln. This is caused by a high level of glutamine and the abundance of M1. 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,dLys and u9,d directly drop to zero. During the last period of the cultivation, the values
of u1h,c, u9,d and u8,c show a slight decline, while their counterpart increase slowly.

The enzyme profiles are depicted in Fig. 5. At the beginning of the experiment, enzymes E1h, E8and E9 keep increasing till
to the maximum level. At the same time, E1l, E3 and E7 are quickly degraded. In the convergent pathway for M2 production, E8

also competes with E3, E4 and comes out to be a winner. This causes the degradation of E3 and E4. Later, E1h, E8and E9 are
reduced with the decreasing of glucose, glutamine and lysine concentrations, respectively. Enzyme E6 is driven by the same
cybernetic variable as E1h so that it shows a similar trend as E1h. Finally, all the enzymes hit zero because enzyme synthesis is
hampered due to lysine limitation.
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 Kei are all equal to the corresponding Ki, except for Ke1h = 20K1h. Maximum enzyme amount is calculated as emax=
(re, in + re,max)/(rM0,max+b), where re,min=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 u1h,c dominate u1l,c 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, E1h, E6, E8 and
Fig. 10. Dynamics of intermediates levels (g/gdw) in Experiment 2.

a b

c d

Fig. 11. Time courses of Experiment 2. (a) Viable and dead biomass concentrations, (b) glucose, lactate and alanine concentrations, (c) glutamine and
ammonia concentrations and (d) extra- and intracellular lysine concentrations. Lines: model simulations; symbols: measurements.
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E9 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.
Acknowledgements

The authors gratefully acknowledge the financial support of the Natural Science Foundation of China (Grant Nos.
60574038 and 20576136), the German DAAD Postdoc Scholarship (J.X. Bi), and the DFG/Germany-MOE/China Exchange
Program (J.Q. Yuan). GBF (Gesellschaft fuer Biotechnologische Forschung GmbH, now called Helmholtz Zentrum für Infek-
tionsforschung) is acknowledged for providing all experimental and analysis facilities. We sincerely thank Mrs. Angela
Walter/GBF and Mr. Joachim Hammer/GBF for the analytical assistances.
References

[1] C. Gray, R. Jasuja, The new future of biotechnology: enabling technologies and star products business communication company, Inc. B-147, 2001.
[2] F.R. Sidoli, A. Mantalaris, S.P. Asprey, Modeling of mammalian cell culture processes, Cytotechnology 44 (2004) 27–46.
[3] J. Shoemaker, G.T. Reeves, S. Gupta, S.S. Pilyugin, T. Egli, A. Narang, The dynamics of single-substrate continuous cultures: the role of transport

enzymes, J. Theor. Biol. 222 (2003) 307–322.
[4] D. Ramkrishna, On modeling of bioreactors for control, J. Proc. Control 13 (2003) 581–589.
[5] D. Ramkrishna, A cybernetic perspective of microbial growth, in: E. Papoutsakis, G.N. Stephanopoulos, H. Blanch (Eds.), Foundations of Biochemical

Engineering: Kinetics and Thermodynamics in Biological Systems, American Chemical Society, Washington, DC, 1982.
[6] D.S. Kompala, D. Ramkrishna, N.B. Jansen, G.T. Tsao, Investigation of bacterial growth on mixed substrates: experimental evaluation of cybernetic

models, Biotechnol. Bioeng. 108 (1986) 1044–1055.
[7] J.V. Straight, D. Ramkrishna, Regulation of complex growth dynamics-substitutable and complementary process, in: Abstracts of Papers of the

American Chemical Society 200, 4-BIOT, 1990.
[8] R. Ramakrishna, D. Ramkrishna, A.E. Konopka, Cybernetic modeling of growth in mixed, substitutable environments: preferential and simulation

utilization, Biotechnol. Bioeng. 52 (1996) 141–151.
[9] J. Varner, D. Ramkrishna, Metabolic engineering from a cybernetic perspective: 1, theoretical preliminaries, Biotechnol. Proc. 15 (1999) 407–425.

[10] J. Varner, D. Ramkrishna, Metabolic engineering from a cybernetic perspective: 2, qualitative investigation of nodal architectures and their response to
genetic perturbation, Biotechnol. Proc. 15 (1999) 426–438.

[11] M.J. Guardia, A. Gambhir, A.F. Europa, D. Ramkrishna, W.-S. Hu, Cybernetic modeling and regulation of metabolic pathways in multiple steady states of
hybridoma cells, Biotechnol. Progr. 16 (2000) 847–853.

[12] A.A. Namjoshi, W.-S. Hu, D. Ramkrishna, Unveiling steady-state multiplicity in hybridoma cultures: the cybernetic approach, Biotechnol. Bioeng. 81
(2003) 79–91.

[13] A.A. Namjoshi, D. Ramkrishna, A cybernetic modeling framework for analysis of metabolic systems, Comput. Chem. Eng. 29 (2005) 487–498.
[14] J.V. Straight, D. Ramkrishna, Cybernetic modeling and regulation of metabolic pathways growth on complementary nutrients, Biotechnol. Progr. 10

(1994) 574–587.
[15] C. Zupke, Metabolic flux analysis in mammalian cell culture, Ph.D. Thesis, Massachusetts Institute of Technology, 1993.
[16] N. Vrienzen, J.P. van Dijken, Fluxes and enzyme activities in central metabolism of myeloma cells grown in chemostat culture, Biotechnol. Bioeng. 59

(1998) 28–39.
[17] J. Ljunggren, L. Haggstrom, Glutamine limited fed-batch culture reduces overflow metabolism of amino acids in myeloma cells, Cytotechnology 8

(1992) 45–56.
[18] E.C. Jo, D.I. Kim, H.M. Moon, Step-fortifications of nutrients in mammalian cell culture, Biotechnol. Bioeng. 42 (1993) 1218–1228.
[19] L. Xie, D.I.C. Wang, Fed-batch cultivation of animal cells using different medium design concepts and feeding strategies, Biotechnol. Bioeng. 43 (1994)

1175–1189.
[20] J. Ljunggren, L. Haggstrom, Specific growth rate as a parameter for tracing growth-limiting substances in animal cell cultures, J. Biotechnol. 42 (1995)

163–175.
[21] A.M. Martial-Gros, J.L. Goergen, J.M. Engasser, A. Marc, Amino acids metabolism by VO 208 hybridoma cells: some aspects of the culture process and

medium composition influence, Cytotechnology 37 (2001) 93–105.
[22] A.F. Europa, A. Gambhir, P.-C. Fu, W.-S. Hu, Multiple steady states with distinct cellular metabolism in continuous culture of mammalian cells,

Biotechnol. Bioeng. 67 (2000) 25–34.
[23] C. Paredes, A. Sanfeliu, F. Cardenas, J.J. Cairo, F. Godia, Estimation of the intracellular fluxes for a hybridoma cell line by material balances, Enzyme

Microb. Technol. 23 (1998) 187–198.



Y.-H. Liu et al. / Applied Mathematics and Computation 205 (2008) 84–97 97
[24] H.P.J. Bonarius, A. Ozemre, B. Timmerarends, P. Skrabal, J. Tramper, G. Schmid, E. Heinzle, Metabolic-flux analysis of continuously cultured hybridoma
cells using 13CO2 mass spectrometry in combination with 13C-lactate nuclear magnetic resonance spectroscopy and metabolite balancing, Biotechnol.
Bioeng. 74 (2001) 528–538.

[25] A. Gambhir, R. Korke, J. Lee, P.P. Fu, A. Europa, W.-S. Hu, Analysis of cellular metabolism of hybridoma cells at distinct physiological states, J. Biosci.
Bioeng. 95 (2000) 317–327.

[26] J. Pramanik, J.D. Keasling, Stoichiometric model of Escherichia coli metabolism: incorporation of growth-rate dependent biomass composition and
mechanistic energy requirements, Biotechnol. Bioeng. 56 (1997) 398–421.

[27] H.T. Ren, J.Q. Yuan, K.H. Ballgardt, Macrokinetic model for methylotrophic Pichia pastoris based on stoichiometric balance, J. Biotechnol. 106 (2003) 53–
68.

[28] F. Zhou, J.X. Bi, A.P. Zeng, J.Q. Yuan, A macrokinetic and regulator model for myeloma cell culture based on metabolic balance of pathways, Proc.
Biochem. 41 (2006) 2207–2217.


	A cybernetic model to describe the dynamics of myeloma cell cultivations
	Introduction
	Materials and methods
	Cell line and culture medium
	Cultivation procedures
	Analysis method

	Metabolic pathways in myeloma cells
	Cybernetic model formulation
	Pathway abstraction
	Identification of elementary pathways, competitions, and formulation of cybernetic variables
	Kinetic expressions
	Species balance

	Results
	Discussion and conclusion
	Acknowledgements
	References


