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Abstract: Glutaminolysis and citric acid cycle generate carbon sources and cellular energy in
dependence of the biosynthesis needs. We here introduce a concept which combines a simple
and practicable kinetic description of both pathways with a cell growth model to elucidate
the influence of extracellular substrates, transport mechanisms and enzyme regulation on the
metabolic activity. The derived model focuses on key reactions and replaces complex cellular
mechanisms with growth-dependent functions. The uptake of glutamine and glutamate explains,
in combination with cell size variations, a peak-like increase in intracellular metabolite pools at
day two after inoculation of cells. Additional regulation of citric acid cycle enzymes prevents
the degradation of metabolites during stationary growth phase even under substrate limitation.
This work reveals possible ways to improve the biotechnological process of cell cultivation and
provides a deeper understanding of glutaminolysis and citric acid cycle activity regulation in
mammalian cells.
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1. INTRODUCTION

Metabolism is the driving force for cellular life by covering
the essential generation of cellular energy and biomass
from extracellular substrates. It constitutes the basis for
cell growth, and understanding the dynamics in metabolic
activity is fundamental for analysis and improvement of
biotechnological processes involving mammalian cells, e.g.
in vaccine (Genzel et al., 2004) or recombinant protein
production (Frame and Hu, 1991b; Fitzpatrick et al.,
1993). Substrates for glutaminolysis are the amino acids
glutamine and glutamate. The deaminated products fuel
the citric acid cycle, which mainly supplies biosynthesis
pathways but also generates cellular energy via respiratory
activity (Baggetto, 1992; Moreno-Sanchez et al., 2007).
Over the last years, quantification of extracellular and
intracellular metabolites (Sellick et al., 2011; Dietmair
et al., 2012) as well as maximum in vitro enzyme ac-
tivity measurements (Janke et al., 2011) were used to
investigate growth and product formation or adaptation
of metabolism after changes in media composition.

Mathematical models are helpful tools for integration and
analysis of such diverse experimental data sets to ulti-
mately conclude on the underlying mechanisms. Apart
from metabolic flux analysis (Wahl et al., 2008; Sidorenko
et al., 2008) covering steady state conditions, dynamic
models (Poertner and Schaefer, 1996; Frame and Hu,
1991a) have been developed to describe extracellular as-
pects during cell cultivation, e.g. cell growth, substrate
consumption and product formation. However, highly
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structured models, for example in vitro bioenergetics of
isolated mitochondria (Bazil et al., 2010), are usually
too complex for parametrization based upon the limited
availability of in vivo data. Here, we present a simple and
practicable kinetic description of glutaminolysis and citric
acid cycle which is linked to a cell growth model to reflect
salient features of experimental observations during differ-
ent growth phases of adherent Madin Darby canine kidney
(MDCK) cell cultivation. To elucidate the influence of ex-
tracellular substrates, transport mechanisms and enzyme
regulation on the metabolic activity, the model integrates
data on intracellular metabolite dynamics, maximum in
vitro enzyme activities and metabolic flux analysis.

2. MATERIAL AND METHODS
2.1 Cell cultivation and metabolite quantification

Cell cultivation, measurement of cell properties and quan-
tification of extracellular metabolites is in detail described
by Rehberg et al. (2013). Data was obtained by per-
forming three independent experiments indicated with
symbols A, [J and o. In short, adherent MDCK cells
(ECACC, #84121903) were seeded into parallel six-well
plates (Greiner Bio-One, #657160) with GMEM medium
(Gibeo, #22100-093), supplemented with 10% fetal calf
serum (Gibco, #10270-106), 2 g/L peptone (Interna-
tional Diagnostics Group, #MC33) and 4 g/L NaHCOg3
(Roth, #6885.1). Extracellular metabolites of three wells
were analysed using a Bioprofile 100 plus analyser (Nova
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Biomedical, relative standard deviation of the methods
1.9-6.4 %), and are presented as mean and standard de-
viation. Intracellular metabolites were quantified as de-
scribed by Ritter et al. (2010). In short, the medium
of the wells was discarded and cell layers were washed
with 0.9 % NaCl solution to remove apoptotic and dead
cells in the supernatant. Quenching of metabolic reactions
and extraction of metabolites was done by immediate
addition of MeOH/CHClI3 solution (1:1). Quantification
of the metabolites was performed for three wells by an-
ion exchange chromatography (BioLC system, Dionex)
in combination with mass spectrometry (LC-MS, relative
standard deviation of the method 0.7 - 9.5 %), as described
by (Ritter et al., 2006) and (Ritter et al., 2008), and are
presented as mean and standard deviation of the tripli-
cates.

2.2 Computation

Model fitting, estimation of the parameters and visualiza-
tion of the results were programmed in MATLAB®) (Ver-
sion R2010b, The MathWorks, Inc.). Models and data were
handled with the Systems Biology Toolbox 2 by (Schmidt
and Jirstrand, 2006). For stochastic global optimization
of parameters and initial conditions the algorithm fSSm of
(Egea et al., 2007) was used. Bootstrapping with 2000 iter-
ations was applied for assessment of parameter confidence
intervals (Joshi et al., 2006). All simulations were carried
out on a Linux-based system, Intel@©Core™ Quad CPU
Q6700 @ 2.66GHz and 4 GB memory.

3. MODEL

In the following we derive a growth-dependent uptake
rate for extracellular glutamate (Glu™) and a release rate
for extracellular ammonia (NHJ) as an extension to the
model of Rehberg et al. (2013). In this segregated growth
model, cells proceed through the classes i = 1,...,5 with
increasing diameter until they reach the largest class and
divide into two cells of the initial class. The transition
from the first to the second class is controlled by a cell
volume-dependent growth inhibition factor f (-), which
limits the volume of all cells with respect to the well
surface capacity. The resulting growth phases are identified
as follows: exponential growth phase 0-30 h (1 > f >
0.95), intermediate growth phase 30-53 h (onset of growth
inhibition to full growth inhibition, 0.95 > f > 0.05),
stationary growth phase 53-200 h (0.05 > f > 0).
Furthermore, the model provides the class-specific viable
cell numbers X; (cell), the total viable cell number Xiot
(cell), the specific growth rate p (h™1!), the cell volume
VC (of all cells, here in L), the medium volume VM (L),
the water evaporation rate constant Feyqep (L h_l) as well
as the medium volume-specific uptake rate of extracellular
glutamine (GIn*) for growth rx /¢, (mmol L' h~'), and
the rate r4gr, (mmol L= h™1) describing its spontaneous
decomposition. On the extracellular level we now define:
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d[Glu™] _ LC Fevap|Glu®] (1)
dt Gluyar VM
d[NH? Ve
[ 7 il _ 2rx/Gin + TdGin + TGl (2)
o _ Fevap[NHE]
X/NHy — T"m/NH, + Vi
rGlu = KGT[Glux](l — f) (3)
5
rx/ N, = (X1 f + Z Xi)Yx/NH, (4)
i—2

PNy = My, VEO(NHE))

with Kgr (h™!) as transport rate constant of Glu*,
Yx/nm, (mmolL~!cell™) as cell growth-specific yield
coefficient of NHX for growth and mypg, (mmol L™!
L~ !cell™!) as cell volume-specific uptake rate of NH}
for maintenance, with ©([NH]]) being one for NH >
0 and zero otherwise. Note, that the rate constants
are defined as Kgnzyme = k‘EnzymeXtot/Vc and are,
hence, time-dependent cell volume-specific enzyme activi-
ties, which also applies in the following for the Michaelis-

: : mazx max C
Menten equations with Kpgor . Frayme Xtot |V

(with Enzyme as synonym for GT', GDH, SDH, FMA,
aDH, MDH). Intracellular metabolite pools of glutamine
(Glu), a-ketoglutarate (aKg), succinate (Suc), fumarate
(Fum) and malate (Mal) are defined as follows:

d[Glu M
[dt I TGt TX/Gin e T Kepu|Glul (6)
dlaK
[O;t 9 _ Kepu|Glu) — KaplaK glbsy, (7)
d[Suc Fum
5] _ K upulaK glban — Kspi([Sud - L))
dt kopm
(8)
d|Fum Fum
[ i L~ Kopm([Sud - [keq L 9)
SDH
[Fum] — i%al]
_K?](é[xA A [Mal]
K@nr apum + [Fum] + [
_ [Mal]
dMal] _ pemar [Frum] — ger = 10)
— Mal
dt K apum T [Fum] + i;q;j
[Mal]
MO e vt + [Mal] "
X 5 X,
bogn = S iz Xt (1)

With Kgpg (h_l) as glutamate conversion rate con-
stant by glutamate dehydrogenase and transaminase,
Kopr(h™!) as a-ketoglutarate dehydrogenase rate con-
stant, Kspg (h_l) as succinate dehydrogenase rate con-
stant and its equilibrium constant kg, (), K@i,
(mmol L™ cell™!) as maximum activity of fumarase with
its affinity constant k%%, 4 pyum (mmol L) for Fum and its
equilibrium constant kb, 4 (-), K795 (mmol L1 cell™!)
as maximum activity of malate dehydrogenase and its
affinity constant k3; gy for Mal. by, is a factor to
describe the growth-dependent use of aKg and Mal for
biosynthesis.
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4. RESULTS
4.1 Extracellular metabolites

Sources for citric acid cycle intermediates are intracellu-
lar glutamine and glutamate while their conversion by
glutaminolysis to aKg produces intracellular ammonium
which can be used for O-GlcNAcylation (Ryll et al., 1994)
or is directly transferred to other amino acids. Glu* uptake
was here dependent on the transporter activity, which was
up-regulated when cells were inhibited in growth space.
Hence, Glu* concentrations even increased slightly due
to water evaporation until 30 h of cultivation and then
sharply decreased until Glu* was almost depleted (Fig.
1c). In experiment © (¢ > 54 h) the Glu* concentration re-
mained above zero but was below the quantification limit.
The model was in good agreement with the experimental
data. NH} increased strongly during the growth phase due
to GIn* and Glu* breakdown and moderately during sta-
tionary growth phase due to spontaneous decomposition
of GIn* and water evaporation (Fig. 1d). Experiment [J
indicated a stronger increase in NH} during stationary
growth phase, which resulted neither from GIn* nor from
Glu* uptake (note that 7x /g, = 0 for ¢ > 53 h). Neverthe-
less, the NH} increase seemed to correlate strongly with
GIn*. Furthermore, simulation results indicated a sharp
increase in NH} at about 30 h which was not observed
experimentally.
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Fig. 1. Growth of adherent MDCK cells in six-well plates
in GMEM. Data and model simulation of mean cell
diameter (a) and glutamine concentration (b) were
taken from Rehberg et al. (2013). Data for gluta-
mate (¢) and ammonia (d) of three independent ex-
periments (A, [, 0O) represent mean and standard
deviation of three wells. Lines are respective model
simulations. Light grey field between 1-2.5 days of
cultivation illustrates the interval of 5 % to 95 %
growth inhibition according to Rehberg et al. (2013);
black bar indicates the cease of cell volume growth
after 2 days

4.2 Intermediates of lower citric acid cycle

In the lower citric acid cycle, aKg is mainly converted
to Suc and subsequently to Fum and Mal. Mal is then

56

converted to oxaloacetate or transported from the mito-
chondria into the cytosol. Oxaloacetate is in turn used by
aspartate transaminase for the production of aKg from
mitochondrial glutamate instead of being transferred into
the upper citric acid cycle (Sidorenko et al., 2008). All
four citric acid cycle intermediates exhibited a peak-like
behavior during cell growth with a maximum around 48
h of cultivation (Fig. 2). In experiment A and [, early
levels (0 < t < 30 h) of aKg were similar to the levels
of stationary growth phase (¢ > 53 h, Fig. 2a-b). But
differences were found for experiment O, where measure-
ments for aKg were systematically higher than in the
other two experiments and in the model simulation (Fig.
2¢). Also, much lower levels at early times of cultivation
than during stationary growth phase were found. In case
of Suc, experiment-specific differences were much smaller
and early levels were always higher than levels during
stationary growth phase (Fig. 2d-f). The model reflected
this phenomenon as well as the subsequent peak and the
constant level during stationary growth phase. The model
simulation of Fum and Mal was in good agreement with
experimental observations although it suggested slightly
lower concentrations in stationary growth phase (Fig. 2g-
1). Analysis of the simulated flux rates revealed a maximum
activity of lower citric acid cycle (malate dehydrogenase)
of about 29 mmol L=t cell™! (at 48 h), which allows an
ATP production from GTP, NADH and FADH; of 145
mmol L1 cell™! (theoretical maximum). During station-
ary growth phase, the activity of lower citric acid cycle
was zero (t > 53 h).

4.8 Initial conditions and parameters of glutaminolysis
and citric acid cycle

Initial conditions for intracellular metabolites were set to
the levels of stationary growth phase (¢ = 200 h) and
are thus defined by the internal and external parameters
of glutaminolysis and citric acid cycle (Table 1). The

Table 1. Experiment-specific initial conditions
for (1), (2) and (6)-(10) as a model extension
of Rehberg et al. (2013)

A [m] @) unit
[Glu®] 058 0.54 0.48 mmolL~!
[NHF] 0.76 074 0.74 mmolL™}
[Glu) 0.05 0.05 0.05 mmolL~?!
[aKg] 019 019 019 mmolL™*!
[Suc] 0.11  0.11 0.11 mmolL™?!
[Fum] 0.04 0.04 0.04 mmolL~?!
[Mal] 0.32  0.32 0.32 mmolL™*

parameters of this work were estimated by simultaneous
fitting of the three experiments according to a model
described previously by Rehberg et al. (2013) and are
given in Table 2. Optimal parameter values and parameter
confidence intervals (Table 2) indicated that the chosen
enzyme kinetics as well as the glutamate transport kinetic
were well defined by the experimental data. Only, kgpg
could not be estimated as measurements for intracellular
glutamate were not available. An additional constraint was
here that intracellular glutamate levels must be low, which
led to potentially higher kgppy values compared to other
enzymes. Most notably.k,pa, kor as well as kspy were
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Table 2. Estimated parameter values on the basis of three experiments with confidence intervals
between 0.025-quantile (Qg.o25) and 0.975-quantile (Qo.975) derived by a bootstrapping approach
(2000 iterations, (Joshi et al., 2006)) for (3)-(10) as a model extension of Rehberg et al. (2013)

param value Qo.025 — Qo.975 unit param. value Qo.025 — Qo0.975 unit

kaDH 2.10 x 1071%  (1.89 —2.36) x 107'%  Lecell ™" h™"  k¥yarum 2.06 1.01 —3.15 mmol L™!

kepm  2.09x 107!  (0.32-5.55) x 107®  Lecell ™' h™' kY5 ra 4.52 x 10° (4.13 — 4.72) x 10>  mmolL™*!

kar 3.13x 107 (270 —3.56) x 107!  Leell ™' h™'  mpym, 2.44 x 1071°  (0.00 —2.06) x 107® mmol L~ 'L~ 'h~?!
kspr  5.71x107'° (041 —-1.29) x 10™°  Lecell™*h™! V54 @ 5.54 x 107° - mmol cell™! h™!
kSha 7.44 6.67 — 8.04 - Sy 5.63 x 107° - mmol cell ™' h~!
kS n 0.40 0.36 — 0.45 — Yx/NH, 5.62 x 1077 (5.50 — 5.74) x 1077 mmol L™ cell ™!

“ measured in vitro by Janke et al. (2011)
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Fig. 2. Intracellular metabolite pools of lower citric acid cycle during growth of adherent MDCK cells in six-well plates
in GMEM. Time series of a-ketoglutarate (a, b, ¢), succinate (d, e, f), fumarate (g, h, i) and malate (j, k, 1) are
shown for the three experiments (A, [J, 0) as mean and standard deviation of three wells. Model simulations are
based on Rehberg et al. (2013) with an extension by (1)-(11) and parameters of Table 1 and Table 2. Light grey
field between 1-2.5 days of cultivation illustrates the interval of 5 % to 95 % growth inhibition according to Rehberg
et al. (2013); black bar indicates the cease of cell volume growth after 2 days.

in the same activity range. Comparing the Fum and Mal
concentrations of this work with k% 4 pum 304 BV b Az
respectively, revealed that Michaelis-Menten kinetics were
exclusively in the linear range.

5. DISCUSSION

In the following we evaluate only key aspects of the
developed model and focus afterward on the biological and
biotechnological implications of the results.
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5.1 Model

In this work we coupled a kinetic description of the
metabolic pathways glutaminolysis and lower citric acid
cycle to a segregated model for cell growth to describe
the experimentally measured metabolite pool dynamics.
The coupling allowed dealing with mechanistic parts of
the glutamate transporter and the metabolic ammonium
consumption not explicitly considered in the model by
using empiric growth-dependent functions. Additionally,
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the model coupling allowed us to consider the influence
of cell size (cell-specific volume V¢ /X,,) variations on
intracellular metabolite pools: - firstly, the dilution of
intracellular metabolites, which was neglected as it was
a few magnitudes smaller than the actual flux rates -
secondly, the implementation of cell number-based enzyme
activities and maximum in wvitro enzyme activities. In
particular, the relation of both to the cell-specific volume
introduced an additional dynamic, which also shaped in
our model the behavior of intracellular metabolite pools.
In conclusion, the cell number-based activity is varying
differently between the growth phase and the stationary
growth phase than the cell-specific volume (Janke et al.,
2011). Enzyme kinetics of glutaminolysis and lower citric
acid cycle were described by conventional mass-action and
Michaelis-Menten kinetics to derive a simple but, in a bi-
ological sense, still reasonable set of differential equations
that focus on key regulatory mechanisms. Cofactors such
as GTP, FAD as well as amino acid breakdown and amino
acid synthesis were not considered in this study (except for
Gln*, Glu*) but could potentially also contribute to the
observed dynamics of metabolite pools. Instead, we imple-
mented b, as a factor to describe the growth-dependent
use of citric acid cycle intermediates for biomass synthesis.
Note that bs,, may represent one of these cofactors (see
5.3 for further discussion). So far, the upper part of the
citric acid cycle is neglected in this work as it is largely dis-
connected in MDCK cells from the lower part (Sidorenko
et al., 2008). This “truncated citric acid cycle” is a widely
known phenomenon, which is comprehensively reviewed
by Moreno-Sanchez et al. (2007) and is also described for
other continuous cell lines (Niklas et al., 2011).

5.2 Glutaminolysis activity based on metabolite fluzes

In addition to the growth-dependent uptake of GIn*,
the uptake of Glu* was described by a glutamate trans-
port kinetic modulated by the growth inhibition factor
f. Therefore, uptake of Glu* started with onset of the
intermediate growth phase (¢ > 30 h) which corresponds
to experimental observations of Genzel et al. (2005) for
MDCK cells grown in roller bottles. The release of NH}
was described by the maximum stoichiometric production
from GIn* and Glu* uptake minus the consumption for
cell growth and cell maintenance. The model suggested a
negligible my g7, , which implies that NHY is only consumed
for biomass growth and is not required for the mainte-
nance of biomass. Also, glutamine is only used for biomass
growth (Rehberg et al., 2013). In the present form of the
model, the stepwise change in NH} release at about 30
h was not in agreement with experimental observations.
If NH} release resulted only from GIn* uptake, the fit
was markedly improved (data not shown). This indicates
that major amounts of the Glu* were processed via the
transamination route without production of free NH}. A
high transaminase activity (in the range of the fumarase
activity) is indeed present in MDCK cells (Janke et al.,
2011). In contrast to Glu*, GIn* seemed to be transported
into the mitochondria and then converted to aKg under
the production of mitochondrial ammonium. Secretion of
ammonium into the medium can have a negative impact
on cell growth and product formation at least at higher
concentrations (Butler et al., 1983). As both GIn* and
Glu* fuel the citric acid cycle, cultivation processes with
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high NH} accumulation may benefit from corresponding
media adaptation (Butler et al., 1983; Genzel et al., 2005)
or a modulation of the cellular transporters in favor of
Glu™ uptake.

5.8 Regulation of lower citric acid cycle

As cells from stationary growth phase were used for inoc-
ulation of a new well, we assumed that initial metabolite
levels (t = 0) correspond to levels of stationary growth
phase. For Fum and Suc, the model suggested a fast
increase in the concentration due to GIn* uptake and
breakdown. In consequence, early intracellular levels were
higher than levels of stationary growth phase (Fig. 2). This
phenomenon was not observed for aKg and Mal because
breakdown is controlled by b, and depends only partially
on the metabolite levels of cells in the stationary growth
phase. After the first 30 h, however, a peak-like behav-
ior was found for all measured intracellular metabolites,
which was to a large extend caused by the Glu* uptake
during the intermediate growth phase. It seemed that
growth-dependent uptake rates modulated the intracellu-
lar metabolite pools during cultivation as long as extracel-
lular substrates were available in sufficient amounts. Simi-
lar observations are made for the glycolytic pathway of rat
thymus lymphocytes where the glucose transporter is ac-
tivated experimentally (Yasmeen et al., 1977), and is also
expected for metabolism of tumor cells (Macheda et al.,
2005). The resulting highly dynamic metabolic behavior
during the typical course of cultivations complicates the
application of metabolic flux analysis (which assumes typ-
ically stationary conditions during exponential growth at
lmaz) considerably and underlines the need for simple ki-
netic models that capture such growth-dependent changes.
During the stationary growth phase neither Gln* nor Glu*
were consumed but the metabolite pools of the citric acid
cycle remained constant. Therefore, either breakdown of
other amino acid fueled the citric acid cycle or enzyme ac-
tivities were down-regulated. No efforts were taken, so far,
to further increase the complexity of the model as experi-
mental data were fitted with sufficient accuracy. Instead, it
was simply assumed that the metabolism may regulate a-
ketoglutarate dehydrogenase and malate dehydrogenase in
dependence of the biosynthesis needs (bsyr) to prevent an
overproduction of biomass precursors. Interestingly, both
enzymes have the cofactor NADT in common, which is
indeed a metabolic regulator (Bazil et al., 2010). The
fact that the model allowed to fit the constant metabolite
levels during stationary growth phase sufficiently, suggests
that enzyme regulation plays an additional role in down-
regulation of the citric acid cycle activity. This might help
to stabilize intracellular concentrations of metabolic inter-
mediates by enzyme regulation when specific metabolites
(such as Glu*) are depleted to critical levels. Furthermore,
we anticipate that the regulation of enzymes to reduce
citric acid cycle activity is an intrinsic mechanism un-
der a stationary growth regime where the cell switches
to a reduced GIn* uptake. From the flux rates through
a-ketoglutarate dehydrogenase and succinate dehydroge-
nase, we calculated a theoretical maximum ATP produc-
tion that can reach 30 % of glycolytic ATP production
during the exponential growth phase and up to 70 %
during the intermediate growth phase (unpublished data).
A higher ATP production by glycolysis compared to the
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citric acid cycle is also calculated by Wahl et al. (2008)
using metabolic flux analysis. However, increasing the
Glu* uptake may enhance ATP production but more im-
portantly lipid-synthesis from Mal-derived NADPH, which
might effect piy,q, in a positive way. Furthermore, a shift
towards higher lipid synthesis might be important for the
production of enveloped viruses (Munger et al., 2008). At
least the maximum ¢n vitro enzyme activities of fumarase
and malate dehydrogenase indicate a significant additional
capacity for metabolite conversion.

6. CONCLUSION

The derived model consists of simple but, in a biological
sense, still reasonable kinetics for key reactions of glu-
taminolysis and citric acid cycle which are linked to a
comprehensive model description of cell growth phases.
By replacing complex biological mechanisms with growth-
dependent functions, the model explained intracellular
metabolite pool dynamics during growth of adherent cells
and revealed the interplay of uptake rates and intrinsic
enzyme regulation. Finally, the model suggested that an
increase in glutamate uptake during growth by molecular
biological tools could contribute to the improvement of
cell culture processes by reducing ammonium accumula-
tion and enhancing lipid synthesis. In addition, and more
importantly, it allowed a thorough and cause-driven anal-
ysis of glutaminolysis and citric acid cycle activity during
mammalian cell growth.
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