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Abstract: Although the culture of VERO cells in bioreactors is an important industrial bioprocess
for the production of viruses and vaccines, surprisingly few reports on the analysis of the flux
distribution in the cell metabolism have been published. In this study, an attempt is made to fill
this gap by providing an analysis of relatively simple metabolic networks, which are constructed
to describe the cell behavior in different culture conditions, e.g., the exponential growth phase
(availability of glucose and glutamine), cell growth without glutamine, and cell growth without
glucose and glutamine. The metabolic networks are kept as simple as possible in order to avoid
underdeterminacy linked to the lack of extracellular measurements, and a unique flux distribution is
computed in each case based on a mild assumption that the macromolecular composition of the cell is
known. The result of this computation provides some insight into the metabolic changes triggered by
the culture conditions, which could support the design of feedback control strategies in fed batch or
perfusion bioreactors where the lactate concentration is measured online and regulated by controlling
the delivery rates of glucose and, possibly, of some essential amino acids.
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1. Introduction

The production of biopharmaceuticals using cultures of genetically modified strains
has gained tremendous importance in the drug manufacturing sector. In this context, it
is important to understand and assess the influence of the culture conditions, and the
impact of metabolic engineering, on the yield of the products of interest. This can be
achieved through an analysis of the flux distribution inside the metabolic network of the
cells or microorganisms under consideration. Various computational procedures have been
proposed for that purpose, including metabolic flux analysis and flux balance analysis [1].

Even though there has been a significant number of reports of the application of
these procedures to cultures of CHO cells and hybridoma cells (e.g., [2-8]), there has been
surprisingly few reports focusing on the metabolism of VERO cell cultures [9]. However
VERO cells are important vectors for the production of viruses (and vaccines) (e.g., [10-18]).

The objective of this study is to apply metabolic flux analysis to small metabolic
networks of VERO cells, on the basis of experimental data collected in three different
culture conditions. In each case, the network is designed to be fully compatible with the
data while being kept as simple as possible to avoid the underdeterminacy that usually
prevails when manipulating large metabolic networks. In this study, the considered
metabolic networks allow keeping the underdeterminacy at a minimum, and to compute a
unique solution based on the only additional mild assumption that the macromolecular
(proteins, nucleic acids, membrane lipids) composition of the cell is as reported in the
literature [19] (p. 113, Table 7.1).
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The paper is organized as follows. The next section presents the experimental data,
cell densities, and metabolite concentrations, collected in two batch cultures of VERO cells.
From these data, depending on the availability of glucose and glutamine, three types of
culture growth are distinguished. The metabolic network and its analysis are then detailed
and discussed in Section 3 for the exponential growth phase with glucose and glutamine as
carbon and nitrogen sources, respectively. Next, in Section 4, we consider the case where
glutamine is replaced by glutamate as the source of nitrogen. Finally, the case where lactate
becomes the source of carbon instead of glucose is addressed in Section 5. Final conclusions
are presented in the last section.

2. Experimental Data

In this paper, we use data from two batch cultures of VERO cells, labeled (al) and (a2),
which were simultaneously carried out over a period of eight days in parallel spinner-flasks,
using the same culture medium. In particular, the two cultures were seeded from the same
pool of cells. The only difference between the two cultures lies in the initial concentration
of glucose. A full description of the materials and methods of these experiments can be
found in [20] (Section 3).

The experiments were performed in spinner-flasks (paddle impeller type). The cul-
ture volume was 250-270 mL. VERO cells (passage 136-146) were grown adherently on
Cytodex 1 microcarriers (3.5 g/L). The spinner-flasks were inoculated with approximately
10° cells/mL, which corresponded to eight cells per microcarrier on average. The basic
culture medium was M199 supplemented at inoculation with fetal calf serum (10% v/v)
and antibiotic (neomycin sulfate 5% ©v/v). The culture was magnetically stirred at 45 RPM.
The oxygen supply was provided by transfer via the head space. The atmosphere of the
head space was renewed twice a day.

The culture medium was sampled (2 mL) twice a day for analysis (except on day
5, where there was only one sample). Cell counting was done with a hemacytometer
using crystal violet staining. Glucose and lactate concentrations were determined with a
Yellow-Springer analyzer. Amino acids and ammonia were determined with the HPLC
method.

The data collected during these cultures are presented in various figures hereafter. The
time evolution of cell densities (counting) is shown in Figure 1. We can readily observe two
different successive phases in both cultures. The growth begins with a classical exponential
phase during the first four days. Then, from the fourth to the eighth days, there was a shift
to a slower quasi-linear growth. An explanation for this behavior can be found in Figure 2
where the time evolution of the concentrations of glucose and glutamine in the culture
medium are shown. Indeed, it can be seen that, after the fourth day, both glucose and
glutamine are depleted in culture (al). However the growth proceeds more slowly, with
lactate as the carbon source, while alanine and glutamate are alternative nitrogen sources
in the central metabolism (see Figure 3). In contrast, culture (a2) is operated with an excess
of glucose, so that only glutamine is depleted on the fourth day and replaced by glutamate
as a source of nitrogen. These three different situations of the culture conditions are
summarized in the Table 1 below. Our purpose, in this paper, is to perform a metabolic flux
analysis in order to compute and compare the distributions of the intracellular metabolic
fluxes in these three situations.

Table 1. Three different culture conditions.

Culture Conditions Carbon Source Nitrogen Source
Exponential growth Glucose Glutamine = 0.6 day !
Growth without Gln Glucose Glutamate 4 ~0.18 day !

Growth without Glc and

Gln Lactate Glutamate, Alanine p ~0.04 day !
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Figure 1. Time evolution of cell density in cultures al (left) and a2 (right).
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Figure 2. Time evolution of substrates and products of the central metabolism in cultures al and a2.
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Data of Amino Acids

Concentration measurements of eighteen amino acids in the culture medium were
measured with an HPLC method. In Figure 4, we present the data for nine essential amino
acids, which are naturally consumed in correlation with the cell growth: arginine, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, tryptophan, and valine. Data are not
available for threonine. It can be seen that the shape of the consumption is quite similar for
both cultures, (al) and (a2), with only marginal deviations for leucine and isoleucine.

Moreover, in addition to glutamine in Figure 2, we present in Figure 3 the measure-
ments for eight other non-essential amino acids: alanine, aspartate, cysteine, glutamate,
glycine, proline, serine, and tyrosine. It can be seen that these measurements do not always
follow the shape of the cellular growth. In particular, glutamate and alanine are accumu-
lated in the culture medium during the exponential growth, but are significantly consumed
when glutamine is depleted. We also note that the medium does not contain asparagine at
the start of the culture and that asparagine data are not available throughout the culture.

In Tables 2—4, the specific uptake and/or excretion rates of all the species measured in
the culture medium are given for the three considered culture conditions (Tables 2 and 4
are complementary and when a rate does not appear in one table (symbol ) it appears
in the other one). These rates are estimated from the slopes of the solid curves that fit the
experimental data in Figures 2—4, at time t = 2.90 days for the exponential growth and at
time t = 6.64 days for the growth without glucose and/or glutamine.

Table 2. Specific uptake rates (WM/d x 107 cell) Glucose, Lactate and non-essential AA.

Species Exponential Growth  Growth without GIn  Growth without Glc & GIn
Glucose VGie 42.308 8.933 0.0
Lactate OULac _— _ 10.218
Glutamine vy, 4.994 0.0 0.0
Alanine VAl E— 0.058 0.702
Aspartate  v4g) 0.338 0.337 0.376
Cysteine Vcys 0.264 0.068 0.077
Glutamate vg, E— 0.499 0.558
Glycine UGly 0.325 —_— _
Proline Upro 0.565 _ _
Serine USer 0.231 0.182 e
Tyrosine UTyy 0.205 0.063 0.071

Table 3. Specific uptake rates (uM/d x 107 cell) for essential AA.

Species Exponential Growth Growth without GIln Growth without Glc & GIn
Arginine VArg 0.949 0.179 0.200
Histidine UHis 0.195 0.045 0.051
Isoleucine Ulle 0.428 0.105 0.171
Leucine ULeu 0.821 0.200 0.459
Lysine UlLys 0.484 0.199 0.222
Methionine Ut 0.244 0.100 0.112
Phenylalanine vpy, 0.228 0.091 0.101
Tryptophan  v7yy, 0.091 0.037 0.042
Valine Uyl 0.499 0.146 0.164

Table 4. Specific excretion rates (uM/d x 107 cell) Lactate, NH3 and non-essential AA.

Species Exponential Growth  Growth without GIn  Growth without Glc & GIn
Lactate UlLac 63.770 8.818 —
NH3 UNH3 5.316 0.195 1.089
Alanine VAl 0.513 E— E—
Glutamate v, 0.659 E— S
Glycine UGly _ 0.019 0.021
Proline Upro _ 0.474 0.859

Serine VSer R —  — 0.624
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3. Metabolic Flux Analysis of the Exponential Growth Phase
3.1. Metabolic Network

The metabolic network considered for the exponential growth is made up of all the
biochemical reactions in Figures 5-7. The main motivations behind the set-up of this
network are given in the present section.

3.1.1. Central Metabolism

For the growth of mammalian cells, the central metabolism involves glycolysis, TCA
cycle, and glutaminolysis, as represented in Figure 5. For simplicity, the pentose phosphate

pathway is neglected.
Aspartate-ext | |Asparagine-ext|
A
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V20
r 2( Rybose-5-P ><—(Glucose—6—P)
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Figure 5. Exponential growth: central metabolism involving glycolysis, TCA, and glutaminolysis, nucleotide synthesis, and
metabolism of alanine, asparagine, aspartate, histidine, glycine, and serine.
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Figure 6. Metabolic network for seven essential amino acids (isoleucine, leucine, lysine, methionine, phenylalanine,
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Figure 7. Metabolic network for arginine (essential) and proline (non-essential). (a) Exponential growth; (b) growth without

glutamine.

3.1.2. Synthesis of Proteins

Essential amino acids cannot be synthesized and must be provided in the culture
medium. Therefore, the maximum possible production rate of proteins is determined
by the essential amino acid with the lowest ratio between its external uptake rate (from
Table 3) and its frequency in protein composition as given in Table 5.
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Table 5. Specific consumption rates of amino acids (AA) for protein production [uM/d x 107 cell].
(Essential AA are in bold).

. . Frequency ! Exponential Growth Growth without
Amino Acid (AA) ;l (%) ’ growth without GIn Glc & GIn
Alanine 8.0 WAla 0.493 0.150 0.033
Arginine 5.0 WArg 0.306 0.093 0.020
Asparagine 43 W Asn 0.266 0.081 0.018
Aspartate 55 WAsp 0.339 0.103 0.023
Cysteine 2.5 Weys 0.151 0.046 0.010
Glutamine 42 WGin 0.260 0.079 0.017
Glutamate 5.9 Wy 0.366 0.111 0.024
Glycine 7.5 wely 0.464 0.141 0.031
Histidine 24 WHis 0.150 0.045 0.010
Isoleucine 4.6 Wile 0.286 0.087 0.019
Leucine 8.4 W ey 0.515 0.157 0.034
Lysine 7.2 Wrys 0.443 0.135 0.030
Methionine 2.0 WMet 0.126 0.038 0.008
Phenylalanine 3.7 Wphe 0.228 0.070 0.015
Proline 49 Wpro 0.305 0.093 0.020
Serine 71 Wser 0.435 0.132 0.029
Threonine 5.9 WThy 0.366 0.111 0.024
Tryptophan 11 Wy 0.069 0.021 0.005
Tyrosine 3.1 Wryr 0.189 0.057 0.013
Valine 6.5 Wyal 0.402 0.122 0.027

Ywaa 6.159 1.874 0.411

1 Average of frequencies given in [3,21,22].

In the case of exponential growth, among all essential measured amino acids, pheny-
lalanine is the one with this lower ratio. Hence, assuming a maximization of the biomass
production, we suppose that phenylalanine is exclusively used for protein production.
Therefore the protein production flux from phenylalanine wpy,, must be equal to the exter-
nal uptake rate given in Table 3, i.e., wpy, = vpp, = 0.228 uM/d X 107 cell. On this basis, we
can then compute the contribution of each amino acid to the production rate of proteins
given in Table 5 with the formula:

AA
WAA = Wphe Fore” 1)
e

where w44 is a specific intracellular consumption rate of amino acid AA for protein
production, fa 4 is the frequency of amino acid AA in the protein composition (and AA =
Phe for phenylalanine).

3.1.3. Synthesis of Nucleotides

The synthesis of nucleotides is represented by the following standard overall biochem-
ical reactions:

1 Ribose-5-P + 2 Glutamine + 1 Aspartate + 1 Glycine + 1 CO2 + 5 ATP
— 2 Glutamate + 1 Fumarate + 4 ADP + 1 AMP + 1 Purine

1 Ribose-5-P + 1 Glutamine + 1 Aspartate + 2 ATP
— 1 Glutamate + 2 ADP + 1 Pyrimidine

Furthermore, we assume that DNA and RNA are made up with, approximately, equal
shares of purine and pyrimidine nucleotides. It results that, omitting the co-factors ATP,
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ADP and AMP, nucleotide synthesis is represented in the network of Figure 5 by the single
overall reaction:

2 Ribose-5-P + 3 Glutamine + 2 Aspartate + 1 Glycine + 1 CO2
— 3 Glutamate + 1 Fumarate + 2 Nucleotides. (2)

3.1.4. Catabolism of Essential Amino Acids

Only catabolic pathways must be considered for essential amino acids since they
cannot be synthesized in the cell. We adopt the standard catabolic reactions represented
in Figures 6 and 7. It can be verified that this representation is fully consistent with the
available data because we have 0 < wa4 < vap for all essential amino acids (with v44
from Table 3 and w4 4 from Table 5).

3.1.5. Metabolism of Non-Essential Amino Acids

For non-essential amino acids, both catabolic and anabolic pathways can be taken into
account. From the data of Tables 2, 4 and 5, it appears that the metabolism of non-essential
AA may strongly depend on the culture conditions.

In the phase of exponential growth, anabolic pathways must be considered for alanine
and glutamate because, as seen in Table 4, they are excreted in the culture medium and,
therefore, produced inside the cell at a level that is widely in excess, with respect to
the amount needed for protein production. The metabolism of alanine and glutamate is
represented in Figure 5.

Moreover, from the data of Table 2, it appears that the uptake rates of extracellular
aspartate, glycine, and serine are not sufficient to reach the protein production level given
in Table 5, and that an intracellular synthesis must be provided, too. The metabolism
of these amino acids is also represented in Figure 5. In Figure 5, a synthesis pathway is
provided for asparagine together with an excretion. This assumption will be motivated in
the next section.

In contrast, again from Table 2, we see that the uptake rate of cysteine, proline, and
tyrosine is large enough for protein production, and that an additional catabolic pathway
is needed. The catabolic reactions are represented in Figure 6 for cysteine and tyrosine, and
in Figure 7a for proline.

3.1.6. Synthesis of Lipids

Finally, in addition to nucleotides and amino acids, we consider the lipids as the last
fundamental building blocks of the biomass, in order to set up a model that is consistent, in
terms of mass balance with a sufficient accuracy. For simplicity, we assume however that
acetyl-CoA is the only significant contributor to the molecular mass of lipids, with a rate
denoted wy;, as shown in Figure 5. Indeed, the other necessary precursors of membrane
lipids (e.g., serine, choline, ethanolamine, or dihydroxyacetone phosphate) are used in
such low proportions that they can be neglected without significant loss of accuracy.

3.2. Metabolic Flux Analysis
3.2.1. Balance Equations

The metabolic fluxes satisfy the following set of balance equations.

Internal Metabolite Flux Balance Equation

Glucose-6-P v + vy = Vg = 42.308
Glyceraldehyde-3-P v1+1v—v3=0

Dihydroxyacetone P v1—0=0

3-Phosphoglycerate U3 — Uy —Up3 =0

Pyruvate U4 — U5 + 013 + V27 — U3y = U4 = 63.970

Acetyl-coA U5 — Vg + 2028 + v31 + 032 — Wi =0
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Internal Metabolite

Flux Balance Equation

Citrate
a-ketoglutarate
Succinyl-CoA

06707:0
U7 — U8 + V15 — U19 + U2 + U3 — V30 — V31 — U34 +U37 — 2033 =0
Ug — U9 — Upg + 035 =0

Succinate U9 — 19 +v2g =0
Fumarate 010 — 011 + 034 + 039 =0
Malate 011 — 012 — 03 =0
Oxaloacetate —06 + 012 — U =0

Glutamate-5-semialdehyde
a-ketobutyrate
Propionyl-CoA
a-ketoadipate

—v17 + 018+ 019 =0

Vg6 — V29 =0

U29 + 030 + 031 — U35 =0
V36 +U3g — 2091 =0

Acetoacetate Uy1 — U2 + U3 + 034 =0
Ribose-5-P Uy — 2039 =0
Arginine V19 = VArg — Warg = 0.643
Aspartate —022 + V25 + 2039 = Vgsp — Wasp = —0.001
Asparagine V25 — VAgy = Wasy = 0.266
Cysteine —Up6 + U7 = Ucys — Weys = 0.113

V14 — 015 + V16 + V17 + V19 — U2 — V23 + V25 + U3p + V31 + U3q —
Glutamate 037 + 2038 + 3039 = UGy + Weiy = 1.025
Glutamine 014 + V25 + 3039 = Vg1, — Wi, =4.734
Glycine —024 + U39 = UGy — wgry = —0.139
Histidine V16 = UHis — WHis = 0.045
Methionine U6 = UMet — Wnmet = 0.118
Phenylalanine V33 = Uppe — Wppe =0
Proline V18 = Uppo — Wpyo = 0.260
Serine — 093 + Upg = Vgep — Wser = —0.204
Tyrosine —033 + V34 = Uy — Wryr = 0.016
Valine 030 = Oyy] — Wyy = 0.097
Isoleucine v31 = U5, — Wy = 0.142
Leucine U3) = ULey — Wrey = 0.306
Lysine V38 = ULys — wLys =0.041
Tryptophan V36 = Urp — Wryp = 0.022
Alanine V36 + V37 = VAl + Way, = 1.006
NH3 14 + v15 + V16 + V27 = UNp3 = 5.3

3.2.2. Computation of Metabolic Fluxes

The above 39 x 41 system of linear equations is underdetermined. One of the rea-

sons for this indeterminacy is that asparagine data are not available and the rate v 44, of
asparagine transfer between the cell and the external culture medium is unknown. In order
to get a unique solution, we introduce the additional constraint that the macromolecular
(proteins, nucleic acids, membrane lipids) composition is as reported, e.g., in [19] (p. 113,
Table 7.1) for mammalian cells. From this reference, the mass of proteins is roughly 12-fold
larger than the mass of nucleic acids in mammalian cells. Furthermore, we know that the
average mass of a nucleotide is about three-fold larger than the average mass of an amino
acid. Using molar units as we do in this paper, it follows that the sum ) w4 4 (see Table 5)
of amino acid rates for protein production must be approximately 36-fold larger than the
nucleotide production rate and, consequently, 72-fold larger that the rate vzg of reaction (2),
ie.,

LWaa

U39

Similarly, the mass of protein is roughly 3.5-fold larger than the mass of membrane lipids,
while the average mass of a phospholipid is about 7-fold larger than the average mass of
an amino acid. Then, since the production of one mole of phospholipids consumes about
18 moles of acetyl-CoA, we deduce that we have approximately:

~ 72. 3)
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ZwAA N 3.5x7

=1 4
e T )

where w;, denotes the consumption rate of acetyl-CoA for lipid synthesis (see Figure 5).
Under these additional constraints (3) and (4), the system of equations is determined
and has the following solution:

vy =0, =42.136 013 = 3.198 a3 = 0.429 v33 =0.0

U3 = 84.272 U14 = 2.731 Upyq = 0.225 U34 = 0.016
U4 = 83.843 015 = 2.306 Up5 = 1.745 U35 = 0.357
vs = 22.318 16 = 0.045 vy = 0.118 36 = 0.022
vg = vy = 18.973 v17 = 0.903 vy =0.231 vy = 0.984
Ug = 23.630 018 = 0.260 U8 = 0.354 038 = 0.041
v = 23.633 D19 = 0.643 U9 = 0.118 39 = 0.086
019 = 23.987 0y = 0.172 30 = 0.097

011 = 24.089 vy =0.032 U371 = 0.142 OUAsn = 1.479
V12 = 20.891 Upp = 1.918 U3p = 0.306 wLip =452

These results can be summed up as follows:

Assuming that

(@) The essential amino acids are not produced inside the cell;

(b) The biomass production is maximal;

(c) The production rates of proteins, nucleic acids, and membrane lipids are in the same
proportions as the respective mass fractions of these macromolecules inside the cells;

Then

(a) A metabolic flux analysis based on the considered metabolic network allows comput-
ing the entire intracellular flux distribution from the measured extracellular uptake
and excretion rates of Tables 2—4.

(b) Closing the overall flux balance necessarily implies that asparagine (which is not
measured) is significantly excreted with a rate of about 1.5 uM/d x 107 cells. This is
quite natural because it is well known that “mammalian cell culture metabolism is
characterized by a high glucose and glutamine uptake combined with a high rate of
lactate and non-essential amino acid secretion” [3]. From our results, it appears that
glutamate, alanine, and especially asparagine, are the main excreted non-essential
amino acids for this culture of VERO cells during the exponential growth. It is clearly
the reason why a medium without asparagine may be used at the start of the culture
without problem.

4. Metabolic Flux Analysis for the Growth without Glutamine
4.1. Metabolic Network
4.1.1. Central Metabolism and Nucleotide Synthesis

As explained in Section 1, we now consider a case where there is no glutamine in the
culture medium while glucose is in excess and not limiting. Glutamate (and aspartate to a
lesser extent) become the main nitrogen sources. Obviously, in that case, glutamine must
be synthesized inside the cells. The central metabolism is therefore slightly modified as
represented in Figure 8 with a pathway for the synthesis of glutamine from glutamate.

Moreover, as shown in Figure 8, the pathway to nucleotide synthesis is assumed to be
identical to that of exponential growth (see Section 3.1.3).
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Figure 8. Growth without glutamine: central metabolism involving glycolysis, TCA and glutamine synthesis, nucleotide
synthesis and metabolism of alanine, asparagine, aspartate, histidine, glycine, and serine.

4.1.2. Synthesis of Proteins

In this phase of growth without glutamine, histidine turns out to be the essential amino
acid with the lowest ratio between its external uptake rate (from Table 3) and its frequency
in protein composition (from Table 5). If we assume (as in the previous section) that the
cell growth is maximized and that histidine is exclusively used for protein formation, then
the total protein production rate can be estimated as

o omis 0045 o pM
h» wAA>wg ~ fris 0024 187 d x 107 cells ©)
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where the values of vy;; and fpy;s are taken from Tables 3 and 5, respectively. We can then
compute the contribution of each amino acid to the production rate of proteins. The result
is given in Table 5.

From the available experimental data, the assumption of cell growth maximization
could however be questionable when glutamine is depleted. The reason is that, as it can
be seen in Figure 4, the net uptake rate of essential amino acids is similar in magnitude to
the exponential growth while the specific cell growth rate is much smaller. An alternative
natural assumption is to suppose that the rate of protein production is proportional to
the rate of cell growth. Under this assumption, we have another manner to compute a
plausible estimate of the protein production rate, as follows:

__ Hwg _ 0.18 _ &
(ZwAA)wg ~ T(ZwAA)gg = 5g 6.159 = 1.85 T3 107 colls” (6)

2

In Equations (5) and (6), the subscripts ‘wg” and ‘eg’ refer to the growth without
glutamine and to the exponential growth, respectively. The values of the growth rates g
and pyq are taken from Table 1.

It is remarkable that these two estimations of the protein production rate are almost
equal, although they are obtained under totally different assumptions. In our viewpoint,
this certainly gives a strong consistency to the validity of our experimental data and to the
relevance of the assumption of growth maximization, which appears to be very plausible,
not only for the exponential growth with non-limiting glucose and glutamine resources,
but also in the case of growth with glutamine limitation. It will be seen, in the next section,
that the situation is very different for the culture without glucose.

4.1.3. Metabolism of Amino Acids

For the catabolism of essential amino acids, we adopt the same standard catabolic
reactions represented in Figures 6 and 7.

Moreover anabolic pathways must be provided for glycine and proline, which are
excreted into the extracellular medium under the current conditions (see Table 2). The
metabolic pathways are given in Figure 7b for proline and in Figure 8 for glycine. Note
that the difference between Figure 7a,b lies in the inversion of fluxes vy7, v1g and vpy,.

Finally, catabolic pathways are used for aspartate, cysteine, serine, and tyrosine
because the uptake rate from the culture medium is larger than their contribution to
the flux in protein production given in Table 5. The metabolism of these amino acids is
represented in Figure 6 for cysteine and tyrosine, and in Figure 8 for aspartate and serine.

4.2. Metabolic Flux Analysis

In this case of growth without glutamine, the metabolic fluxes satisfy the following
set of balance equations.

Internal Metabolite

Flux Balance Equation

Glucose-6-P
Glyceraldehyde-3-P
Dihydroxyacetone P
3-Phosphoglycerate
Pyruvate
Acetyl-CoA

Citrate
a-ketoglutarate
Succinyl-CoA
Succinate

Fumarate

v1 + U0 = UGy = 8.933
v1+vy—v3=0

v1—vy =0

‘03*‘(]4*‘02320

Uy — U5 + 013 + V27 — U37 = ULy = 8.818
U5 — U + 2028 + 031 + V32 — wrjp =0
U6—U7:0

U7 — Vg + V15 — V19 + U2p + V23 — U390 — U31 — U34 + 037 — 2038 =0
vg — U9 —Upg + 735 =0

v9 — U190+ 728 =0

v10 — v11 + 025 + 034 =0
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Internal Metabolite

Flux Balance Equation

Malate
Oxaloacetate
Glutamate-5-semialdehyde
x-ketobutyrate
Propionyl-CoA
x-ketoadipate
Acetoacetate
Ribose-5-P
Arginine
Aspartate
Asparagine
Cysteine

Glutamate

Glutamine
Glycine
Histidine
Methionine
Phenylalanine
Proline
Serine
Tyrosine
Valine
Isoleucine
Leucine
Lysine
Tryptophan
Alanine
NH3

11 — 012 — 013 =0

—04 — Vg + v+ 00 =0

v17 — 018 + 019 =0

U6 — V29 =0

U29 +v30 + V31 — U35 =0

U3 +U3g — 2031 =0

U1 —U28 +U32 + 034 =0

U0 — 2039 =0

019 = UArg — wA,g =0.086

—Upp + Vg5 + 2039 = VAsp — WAsp = 0.234
V25 — UAspy — WAsy = 0.081

—U26 + V27 = Ucys — Weys = 0.022

—0U14 — V15 + V16 + V17 + V19 — V22 — 023 + Up5 + V30 + V31 +
34 — V37 + 2038 + 3039 = —VGyy + W, = —0.388
014 — U5 — 3‘039 = Wgin = 0.079

U4 — V39 = Ugly + WGy = 0.160

V16 = UHis — WHis = 0.0

V26 = OMet — WMet = 0.062

033 = Uppe — Wphe = 0.021

V18 = Upyo + Wpyo = 0.567

—03 + Vo4 = Uger — Wser = 0.050

—0U33 + U3 = UTyr — Wryr = 0.006

V30 = Oyyl — Wyy = 0.024

031 = Ol — Wjle = 0.018

030 = ULey — Wley = 0.043

U3g = ULys — Wrys = 0.064

U36 = vT‘rp — wTw =0.016

V36 + V37 = WAl — VAl = 0.092

—014 + 015 + 016 + U7 = vnp3 = 0.195

Under conditions (3) and (4), this system of linear equations is determined and has

the following solution.

v =0y = 8.881
03 =17.762

vy = 17.626

5 = 9.557

Vg =07 = 8.478
vg = 9.426

U9 = 9.420

010 = 9.530

011 = 9.583

U12 = 8.842

013 = 0.741 vy = 0.136 v33 = 0.021
014 = 0.544 Uy = 0.186 U34 = 0.027
015 = 0.655 Vo5 = 0.545 U35 = 0.104
016 = 0.0 U6 = 0.062 036 = 0.016
017 = 0.481 U7 = 0.084 U37 = 0.076
018 = 0.567 g = 0.110 v3g = 0.064
019 = 0.086 a9 = 0.062 39 = 0.026
vy = 0.052 v30 = 0.024

Up1 = 0.040 U31 = 0.018 OAsn = 0.465
U2 = 0.363 U3p = 0.043 wLip =1.36

We can conclude, as above, that the flux balance analysis based on the considered
metabolic network allows computing the entire intracellular flux distribution from the
measured extracellular uptake and excretion rates of Tables 2—4.

In this case, closing the overall flux balance requires that the non-essential amino
acids that are significantly excreted be asparagine (0.47 uM/d x 107 cells) and proline

(0.47 uM /d x 107 cells).
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5. Metabolic Flux Analysis for the Growth without Glucose and Glutamine
5.1. Metabolic Network

5.1.1. Central Metabolism and Nucleotide Synthesis

We now consider the case where there is neither glucose nor glutamine in the culture,
and where lactate, glutamate, and alanine are the main carbon and nitrogen sources for
the central metabolism. This is represented by a metabolic network, shown in Figure 9,
which involves a gluconeogenesis pathway for the synthesis of glucose-6-phosphate and
a pathway for the synthesis of glutamine from alanine and glutamate. Moreover, the
nucleotide synthesis pathway remains unchanged.

s Rybose-5-P Voo Glucose—6—-P
Aspartate-ext | |Asparagine-ext|

v

Wasn
f ( Glyc-3-P Dihydroxi—A—P
\'

[} 2
2 V3
Va5

) ( 3-P-Glyc

w/

Vo7
ke V13 \\A Viac
| —> a*9 r > Pyruvate Lactate-ext
V22
—— au Vs
WLip v
2V2g, V31,
Acetyl-coA Vao
\ ( Oxaloacetate )
N tat
Oxa oice ate Ve
V12
V11
r > Fum@Vu V7 V19, V30,
A V31, V3s,

Vio Vas -
Vo Vs f Alanine-ext
( Succinate )(—( Succ—coA
Tst Vag V35¢
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A
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[}
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V39 2
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Figure 9. Growth without glucose and glutamine: central metabolism involving glyconeogenesis, TCA, and glutamine
synthesis, nucleotide synthesis and metabolism of alanine, asparagine, aspartate, histidine, glycine, and serine.
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5.1.2. Synthesis of Proteins

In this phase of growth without glucose and glutamine, histidine is the essential amino
acid with the lowest ratio between its external uptake rate (from Table 3) and its frequency
in protein composition (from Table 5). From the assumption that the protein production
rate is proportional to the cell growth rate, it appears however that maximization of cell
growth is not applicable. Indeed, using equations of the form (5) and (6), we have here:

0.04 uM

~, Huwssg _ 0.04 B oM
(L wan) e = e (Y wan),, = 5 X 6159 =041 - @)
UHis 0.051 UM
= =212
S T 0.024 d x 107cells ®)

In Equation (7), the subscript ‘wgg’ refers to growth without glucose and glutamine. It
follows clearly from (7) and (8) that the actual protein production rate must be much
smaller than the maximal rate that could be reached from the measured amino acid uptakes.
Hence, the contributions of the amino acids are computed, in Table 5, by using the value
Y waa =0.41 from Equation (7).

5.1.3. Metabolism of Amino Acids

For the catabolism of essential amino acids, we adopt the same standard catabolic
reactions represented in Figures 6 and 7.

Moreover, anabolic pathways are provided for glycine, serine, and proline, which are
excreted into the extracellular medium under the current conditions (see Table 2). The
metabolic pathways for glycine and serine are given in Figure 9. The metabolism of proline
is represented in Figure 7b.

Furthermore, catabolic pathways are used for aspartate, cysteine, and tyrosine, because
the uptake rate from the culture medium is larger that their contribution to the flux in
protein production. The metabolism of these amino acids is represented in Figure 9 for
aspartate and in Figure 6 for cysteine and tyrosine.

5.2. Metabolic Flux Analysis

In this case of growth without glucose and without glutamine, the metabolic fluxes
satisfy the following set of balance equations.

Internal Metabolite

Flux Balance Equation

Glucose-6-P
Glyceraldehyde-3-P
Dihydroxyacetone P
3-Phosphoglycerate
Pyruvate
Acetyl-coA

Citrate
a-ketoglutarate
Succinyl-CoA
Succinate

Fumarate

Malate
Oxaloacetate

Glutamate-5-semialdehyde

x-ketobutyrate
Propionyl-CoA
a-ketoadipate
Acetoacetate
Ribose-5-P

v1 —v =0
—0v1 —0vy4+v3=0
—0v14+1v,=0

—0U3 4704 — 03 =0

U5 4 V13 — Uy — V37 = U, = 10.218
U5 — Vg + 2028 + 031 + 032 =0

Vg — U7 =0

U7 — Vg + V15 — V19 + U2p + V23 — U30 — U31 — U34 + 37 — 2038 =0
vg — V9 — Vg + 035 =0

Vg — 19+ U8 =0

v10 — 11 + V34 + 039 =0

v11 — 012 =0

—04 — Ve + U2+ 013 — v =0

v17 — 18 + 019 =0

Vg6 — V29 =0

U29 + 030 +v31 — U35 =0

—20p1 + U3¢ + 738 =0

Up1 — U2 + U3 + U3 =0
020—2039 =0
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Internal Metabolite Flux Balance Equation

Arginine V19 = UArg — Warg = 0.180

Asparagine U5 — Vasy = Wasy = 0.018

Aspartate —Upp + U5 + 2039 = VAsp — WAsp = 0.353

Cysteine —U26 + V27 = Ucys — Weys = 0.067

Glutamate V14 + V15 — V16 — V17 — V19 + U2 + U3 — V25 — U3p — U31 — U34 +
v37 — 2038 — 3U39 = UGl — Wiy = 0.534

Glutamine V14 — U5 — 3039 = wgy, = 0.017

Glycine Vo4 — U39 = Vgl + wgpy = 0.052

Histidine 016 = UHis — WHis = 0.041

Methionine V26 = UMet — Wnmet = 0.104

Phenylalanine V33 = Uppe — Wppe = 0.086

Proline V18 = Upyy + Wpyo = 0.879

Serine Vo3 — Upg = Vser + Weep = 0.653

Tyrosine —U33 + V34 = UTyr — WTyr = 0.058

Valine V30 = Uyu — Wy, = 0.137

Isoleucine v31 = U1, — Wy = 0.152

Leucine U3) = ULey — Wrey = 0.425

Lysine U3g = ULys — Wrys = 0.192

Tryptophan U36 = UTyp — Wryp = 0.037

Alanine —U36 + V37 = Va1 — Wap, = 0.669

NH3 —014 + 015 + V16 + V25 + 27 = vnp3 = 1.089

Under conditions (3) and (4), this system of equations is determined and has the
following solution.

vy =0, = 0.012 013 = 0.567 vy = 0.711 v33 = 0.086
U3 = 0.024 U14 = 0.874 Upyq = 0.058 U34 = 0.144
U4 = 0.735 015 = 1.751 Up5 = 0.839 U35 = 0.393
vs = 11.662 16 = 0.041 g6 = 0.104 36 = 0.037
ve = vy = 13.306 v17 = 0.699 vy =0.171 vs7 = 0.706
Ug = 14.563 018 = 0.879 U8 = 0.684 038 = 0.192
vg = 14.272 19 = 0.180 U9 = 0.104 39 = 0.006
010 = 17.956 g0 = 0.012 30 = 0.137

v11 = 15.106 U1 = 0.114 U31 = 0.152 OAsn = 0.821
U12 = 14.539 Uy = 0.498 U3p = 0.425 wLip =03

Here, the excreted amino acids are proline (0.86 uM/d x 107 cells), asparagine
(0.82 uM/d x 107 cells), and serine (0.62 uM/d x 107 cells).

6. Final Remarks and Conclusions

In this paper, we applied metabolic flux analysis to investigate the behavior of VERO
cells in three different culture conditions.

As long as glucose is not limiting, this analysis supports the validity of a maximum
growth hypothesis in which the amino acids are primarily used as building blocks for
the formation of the biomass, even in case of glutamine deprivation. In the latter case,
glutamine is replaced by glutamate as the nitrogen source and it can be observed that the
biomass yield is even slightly higher (while the productivity is lower).

When glucose is exhausted, the cell growth does not stop, but continues at a smaller
rate with the consumption of lactate as an alternative source of carbon, while using only a
small part (about 20%) of available amino acids for biomass synthesis. As represented in
the network of Figure 9, lactate is reintroduced into the cell, transformed into pyruvate,
and integrated in the TCA cycle in order to provide a part of the required energy, which is
no longer given by glycolysis. The rest of the energy is provided by the degradation of that
part of amino acids, which are not used as building blocks for the biomass synthesis.
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This analysis provides a metabolic foundation for the design of feedback control
strategies in fed batch or perfusion bioreactors where the lactate concentration is measured
online and regulated by controlling the delivery rates of glucose and, possibly, of some
essential amino acids. Applications of such control strategies to CHO cells are discussed,
e.g., in [23,24], while, to our knowledge, applications to VERO cell cultures have not been
reported in the literature.

Let us finally mention that, in our metabolic analysis, one amino acid, namely threo-
nine, was omitted from the model because experimental measurements are (unfortunately)
missing. Obviously, this is equivalent to implicitly assume that, in the considered experi-
ments, threonine, which is an essential amino acid, is consumed at the rate required for
protein synthesis as given in Table 5. We can however confirm that this assumption is quite
plausible on the basis of threonine data, which were obtained for the same cell line grown
in similar conditions, but with a slightly different fetal serum (bovine instead of calf), as
reported in [20], Chapter 3. This means that including threonine catabolism in the model,
if actual data were available, should not significantly alter our results.
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