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Abstract: The effect of added ammonia on the intracel-
lular fluxes in hybridoma cells was investigated by meta-
bolic-flux balancing techniques. It was found that, in am-
monia-stressed hybridoma cells, the glutamate-
dehydrogenase flux is in the reverse direction compared
to control cells. This demonstrates that hybridoma cells
are able to prevent the accumulation of ammonia by con-
verting ammonia and a-ketoglutarate into glutamate.
The additional glutamate that is produced by this flux, as
compared to the control culture, is converted by the re-
actions catalyzed by alanine aminotransferase (45% of
the extra glutamate) and aspartate aminotransferase
(37%), and a small amount is used for the biosynthesis of
proline (6%). The remaining 12% of the extra glutamate
is secreted into the culture medium. The data suggest
that glutamate dehydrogenase is a potential target for
metabolic engineering to prevent ammonia accumula-
tion in high-cell-density culture. © 1998 John Wiley & Sons,
Inc. Biotechnol Bioeng 57: 447–453, 1998.
Keywords: ammonia; cell culture; metabolic flux; gluta-
mate dehydrogenase; mass balance

INTRODUCTION

Amino acids, and glutamine in particular, are both used for
biomass synthesis and energy generation in cultured mam-
malian cells (Reitzer et al., 1979). In contrast to normal
proliferating tissue, which secretes its waste products from
nitrogen metabolism in the form of urea, many tumor cell
lines lack carbamyl phosphate synthase and, as a result, they
can not synthesize urea (Eigenbrodt et al., 1985). Most of
the cultured mammalian cells produce other nitrogen sinks,
such as alanine, aspartate, proline, glutamate, and ammonia.
These end products accumulate both intracellularly and in
the culture medium (Lanks and Li, 1988).

Ammonia, the sum of nonionized NH3 and ionized NH+4,
has various adverse effects on cultured mammalian cells as
it inhibits cell growth and glycoprotein production (Glacken

et al., 1986). It has been shown in many studies that am-
monia inhibits cell growth (reviewed by Schneider et al.,
1996) and, as a consequence, it can be the limiting factor for
growth in high-cell-density cultures. In addition, ammonia
influences glycosylation of (heterologous) proteins
(Andersen and Goochee, 1995), as a result of increased
intracellular UDP aminohexoses (Ryll et al., 1994). There-
fore, ammonia production and the metabolism of amino
acids, in particular of glutamine, have received considerable
attention in order to improve conditions for mammalian-cell
culture used for the production of glycoproteins (Schneider
et al., 1996). Several strategies have been proposed to over-
come ammonia accumulation by manipulating mammalian-
cell metabolism. These include substitution of glutamine by
other nutrients such as glutamate (Darnell and Eagle, 1958),
asparagine (Kurano et al., 1990), ora-ketoglutarate (Has-
sel and Butler, 1990); controlled addition of glutamine
(Glacken et al., 1986; Ljunggren and Ha¨ggström, 1984);
adaptation of cells to high ammonia concentrations
(Schumpp and Schlaeger, 1992); reduction of glutamine in
the cultured medium based on the exact requirements for
biosynthesis (Xie and Wang, 1994); and transfection of a
glutamine–synthetase gene to allow cells to grow in gluta-
mine-free culture medium (Bell et al., 1995).

A better understanding of the metabolic mechanisms of
adaptation to high ammonia concentrations may help to fur-
ther modify cellular metabolism to enhance cell yields. In
particular, in high-cell-density cultures, where ammonia ac-
cumulation may become a limiting factor, a further reduc-
tion in intracellular ammonia-producing reactions is desir-
able. By measuring the metabolic flows of the various path-
ways by which glutamine is degraded, bottlenecks in
metabolic routes leading to N sinks other than ammonia
might be traced. The relative enzyme activities and the
amount of ammonia measured in hybridoma cell culture
already suggested that glutamate is oxidized preferentially
via the transamination pathway (Jenkins et al., 1992). Street
et al. (1993) showed, by1H/15N-NMR, that most of the
glutamate is transaminated, rather than deaminated by glu-
tamate dehydrogenase in HeLa and CHO cells. This was
recently confirmed of hybridoma cells by metabolic-flux
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balancing techniques (Bonarius et al., 1996; Zupke et al.,
1995). In continuously cultured hybridoma cells, 55%, 25%,
and 15% of the glutamate produced was metabolized by
alanine transaminase, aspartate transaminase, and pyrroline-
5-carboxylate reductase, respectively (Bonarius et al., 1996).

In this study, metabolic-flux balancing techniques are ap-
plied to further elucidate the metabolic strategy of hybrido-
mas to avoid ammonia accumulation. By stressing continu-
ously cultured hybridoma cells with high ammonia concen-
trations (10 mM), culture conditions with respect to N
metabolism that may occur in high-cell-density cultures are
simulated. Metabolic fluxes of both glutamine and glucose
metabolism are determined using mass balances and are
compared with intracellular fluxes of a control culture. The
data show that, at toxic levels, hybridoma cells reduce am-
monia accumulation by converting ammonia anda-
ketoglutarate into glutamate, which is subsequently metabo-
lized by aminotransferases. These results suggest that glu-
tamate dehydrogenase is a potential metabolic engineering
site—not to inhibit its activity, as suggested before
(Glacken, 1988), but rather to increase its activity.

MATERIALS AND METHODS

Culture Conditions and Analyses

A detailed description of the various experimental proce-
dures has been published (Bonarius et al., 1996). Briefly,
hybridoma cells were cultured in a lab-scale bioreactor (1-L
working volume; Biostat MD, Braun, Melsungen, FRG) in
continuous mode at a dilution rate of 0.7 d−1. A mixture of
Dulbecco’s, Ham’s F12, and Iscove’s powdered media
(DHI; 1:1:2) (Gibco, Grand Island, NY) was used as the
basal medium and was supplemented with 5mg/mL insulin
(Sigma, St. Louis, MO), 6mg/mL transferrin (Boehringer
Mannheim, Mannheim, FRG), and 0.35% (w/v) Synperonic
F68 (Serva, Heidelberg, FRG). The medium contained 5
g/L glucose, 5 mM glutamine, and 2.73 g/L sodium bicar-
bonate. After 4 days of continuous cultivation pseudo-
steady-state conditions were assumed. Samples for metabo-
lite analyses were taken daily. At the end of each experi-
ment, after 3 days of (pseudo)-steady-state continuous
culture, a large sample was taken for the analysis of the
biomass composition.

A method developed to correct for the bicarbonate buffer
in the culture medium (Bonarius et al., 1995) was applied
for the determination of the CO2 production rate (CER). The
CO2 in the outlet gas was measured by an infrared gas
analyzer (Rosemount, Baar, CH). The O2 uptake rate (OUR)
was determined by the mass transfer coefficientkl

O2a and the
fraction of oxygen in the inlet gas, as described before.
Values for kl

O2a were obtained by the dynamic method
(Van ’t Riet and Tramper, 1991).

Glucose and lactate were determined with automated en-
zymatic assays (YSI, Yellow Springs, OH), ammonia using
an ion-selective electrode, and amino acids by HPLC

(Amino Quant 1090, Hewlett-Packard, Palo Alto, CA). In-
tracellular amino acid pools were extracted by perchloric
acid as described elsewhere (Schmid and Keller, 1992). The
cellular composition was measured as described by Xie and
Wang (1994): The total lipid fraction was determined by
weight after chloroform/methanol extraction, total carbohy-
drates were analyzed by the phenol reaction method, total
cellular protein was estimated using the Biuret assay, and
nucleic acids were quantitated by absorbance at 260 nm
after purification according to Chomczynski (1993). Cell
size and number were determined using a Casy 1 instrument
(Schärfe System, Reutlingen, FRG) and dry cell weight was
determined after dehydration under vacuum. Antibody titers
were measured by a standard ELISA.

Metabolic-Flux Analysis

The majority of the metabolic fluxes in mammalian cells
(Fig. 1) can be determined by mass-balancing techniques
without additional assumptions or isotopic-tracer experi-
ments. In contrast, metabolic fluxes in cyclic pathways can-
not be determined using the mass balances over the relevant
metabolites (Bonarius et al., 1997; Vallino and Stepha-
nopoulos, 1989). Reactions of the remaining underdeter-
mined network are indicated by the solid lines in Figure 1.
In this work, constraints based on experimental evidence
(Bonarius et al., 1998b; Mancuso et al., 1994; Street et al.,

Figure 1. Network of mammalian-cell metabolism. Fluxes that can be
quantified solely by mass-balancing techniques are indicated as dashed
lines. To measure the remaining fluxes (solid lines) additional constraints
are required. ACcoA, acetyl-CoA; AKG,a-ketoglutarate; Chol, choles-
terol; CIT, citrate; E4P, erythrose-4-phosphate; FA, fatty acids; GAP, glyc-
eraldehyde 3-phosphate; Glc, glucose; G6P, glucose-6-phosphate; G3P,
3-phosphoglycerate; Lac, lactate; Mab, monoclonal antibody; MAL, ma-
late; OAA, oxaloactetate; PEP, phosphoenolpyruvate; PYR, pyruvate;
R5P, ribose-5-phosphate; Ru5P, ribulose-5-phosphate; S7P, sedoheptu-
lose-7-phosphate; TC, total carbohydrates; TP, total protein; X5P, xylu-
lose-5-phosphate.
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1993) obtained by isotopic-tracer studies are used to esti-
mate the flows through these reactions.

The metabolic network in Figure 1 contains three sets of
linearly dependent fluxes:

1. The malate/pyruvate/oxaloacetate cycle (fluxes 16, 17
and 18).

2. Glutamine degradation (fluxes 23, 24, and 25).
3. The pentose shunt, glycolysis, and TCA cycle (fluxes 1

to 16).

Therefore, three additional constraints are required to de-
termine all fluxes by mass-balancing techniques alone.

Constraint 1.It was found, by13C-NMR experiments,
that the flow through pyruvate carboxylase (flux 18) is neg-
ligible in hybridoma cells cultured in a hollow-fiber biore-
actor (Mancuso et al., 1994). This was recently confirmed
for the same hybridoma cell line, the same medium, and the
same mode of cultivation as investigated here, by1H-NMR
techniques (Bonarius et al., 1998b).

Constraint 2.Although no direct evidence for hybridoma
cells exists, it is assumed that the flow through asparagine
synthetase (flux 23) is negligible. Street et al. (1993) could
not detect labeled asparagine in the medium supernatant of
5-15N-glutamine-fed HeLa and CHO cells, indicating that
asparagine synthetase is not active. In cultured mammalian
cells, the proposed pathway of glutamine degradation is via
glutaminase, rather than via asparagine synthetase (for ex-
ample, Ardawi and Newsholme, 1984; Glacken, 1988;
Mancuso et al., 1994; Reitzer et al., 1979). Only when as-
paragine becomes limiting, asparagine synthetase may be-
come active in mammalian cells (Kilberg et al., 1994).

Constraint 3.Recently, we showed, by measuring13CO2

yields using mass spectrometry, that the pentose-phosphate
shunt is not negligible in hybridoma cells and dependent on
the mode of cultivation (Bonarius et al., 1998b). In contrast
to the data of Mancuso and coworkers (1994), showing that
hybridoma cells cultured in hollow-fiber bioreactors direct
only 5% of consumed glucose into the pentose shunt, up to
23% of the glucose was channeled into the pentose shunt in
rapidly growing cells (m 4 0.9 d−1) in continuous culture.
In addition, we showed that both the constraint determined
by the NAD(P)H mass balance and the minimum-norm con-
straint (Bonarius et al., 1998a) could not be used to estimate
the pentose-shunt activity in mammalian cells. Although the
NAD(P)H mass balance cannot be closed with sufficient

accuracy to quantify the flow through reaction 2, the pen-
tose-shunt activity is proportional to the NADPH require-
ments (Stryer, 1988). Therefore, we suggest that the best
estimate for flux 2 is to fit the pentose-shunt activity to the
measured biomass synthesis rate as determined before
(Bonarius et al., 1997c). For the cell line investigated here,
m is the measured growth rate andDCWthe dry cell weight.
The subscripto denotes measured parameters of a standard
culture to whichx2 is fitted (Bonarius et al., 1998b).

x2

x2o

=
mDCW

moDCWo
(1)

In addition to the three constraints mentioned peviously,
directionality of irrreversible fluxes is taken into account. In
conclusion, this leads to the following set of constraints,
which is solved using the least-squares method:

Ax = r (2)

x2 = x2o

mDCW

moDCWo
, x18 = o, x23 = o

It is stressed that the quantification of the reactions cata-
lyzed by alanine transaminase (flux 20), aspartate transam-
inase (flux 21), and glutamate dehydrogenase (flux 22) is
not influenced by any of the aforementioned assumptions.

RESULTS AND DISCUSSION

Hybridoma cells appear to be more tolerant of ammonia
than other cultured mammalian cells (Ozturk et al., 1992).
To assess at which ammonia concentrations growth inhibi-
tion occurs for the cell line that was investigated in this
study, experiments in T-flasks with various ammonia levels
in the culture medium were done. It was found that growth
inhibition occurred at concentrations of 5 mM ammonia
(data not shown). To insure significant effects on the intra-
cellular metabolic fluxes, a continuous-culture experiment
was carried out with 10 mM ammonia in the culture me-
dium.

In Table I, average cell densities, viability, and respira-
tion data as well as the metabolic quotients of ammonia,
glucose, and lactate of ammonia-stressed and control cells
in continuous culture are shown. Under both conditions,
lower values of respiration quotient (RQ) are found than

Table I. Cell density, viability, respiration parameters for two steady states. Values are averages of
three data points of samples taken daily from a continuous culture. Values in parentheses indicate
standard deviations.

Total cell
numbera

Viability
(−) CERb OURb

RQ
(−) rGLC

b rLAC
b rNH3

b

Control 1.90 (0.31) 0.89 10.8 (0.15) 15.6 (0.17) 0.69 −4.681 4.775 1.143
10 mM NH+

4 1.49 (0.17) 0.84 9.90 (0.17) 14.9 (0.24) 0.66 −5.330 5.156 0.318

aExpressed as 106 cells z mL−1.
bExpressed as 10−12 mol z cell z d−1.
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reported before (Bonarius et al., 1995). This seems to be a
result of a difference in OUR data, because the CER values
are similar to those reported earlier. The reason for this
discrepancy is not evident, but it should be noted that OUR
measurements on the basis of the liquid-phase O2 balance
must be interpreted carefully due to possible inaccuracies
associated with the determination of thekl

O2a.
After ammonia addition the cell density decreases 21%,

the glucose uptake rate accelerates, and the specific MAb-
production rate (Table II) remains unaffected, which is simi-
lar to what has been described elsewhere (Schneider et al.,
1996), although the influence on cell density is not as sub-
stantial as that reported by Glacken et al. (1986), Ozturk et
al. (1992), and others.

In Table II, the cellular composition for both (pseudo)-
steady states is given. Uptake and production rates of amino
acids are shown in Table III. It has previously been shown
that alanine production rates increase at elevated extracel-
lular ammonia concentrations (Hansen and Emborg, 1994;
Ozturk et al., 1992). In addition, similar to data reported by
Ozturk et al. (1992), glutamine uptake rates increase with
elevated ammonia. Most likely, the uptake rates of glucose
and glutamine are higher under ammonia stress because of
the increased requirement for pyruvate. Both glucose and
glutamine are carbon sources for pyruvate via the glycolysis
and the malate enzyme, respectively (Reitzer et al., 1979).

Table III shows some other significant effects on amino
acid metabolism. The net catabolic rates, that is, the pro-
duction rates after correction for biosynthesis requirements
(Bonarius et al., 1996) of aspartate, proline, and glutamate,
are higher under ammonia stress, demonstrating that these
amino acids are used as alternative N sinks. This indicates
already that, at elevated ammonia levels, certain metabolic
fluxes, which are not associated with biosynthesis, produce
more aspartate, proline, and glutamate than under normal
conditions. The intracellular pools of several amino acids
increase with high-ammonia conditions. In particular, glu-
tamine, alanine, serine, glycine, histidine, leucine, and pro-
line pools are elevated. The most profound effect is on the

ammonia production rate, which decreases by 72% (Table
I). To elucidate the mechanism by which hybridoma cells
achieve this reduction, the intracellular fluxes are estimated.

Carbon and Nitrogen Balances

The elemental balances of nitrogen and carbon provide a
test for consistency of measured metabolic rates (Tables I
and III) and measured cellular composition (Table II) with
respect to the law of mass conservation. Table IV shows the
total produced and consumed nitrogen and carbon of con-
tinuously cultured hybridoma cells. It is shown that both
balances can be closed at an accuracy of less than 6% of the
net produced and consumed metabolites.

Intracellular Fluxes

The intracellular fluxes of the two experiments are calcu-
lated as described in the Theory section, and given in Table
V. Although it seems that fluxes 1 to 18 in control cells and
ammonia-stressed cells are relatively similar, these values
should be interpreted with care as they are calculated under
the assumptions of the same stringent constraints with re-
spect to flux 2 and 18 [Eq. (2)]. The possibility that actual
differences are masked due to these constraints can there-
fore not be ruled out.

Anaplerotic Reactions

The malic-enzyme flux (x17) appears to be negative in am-
monia-stressed cells. Both the pyruvate-carboxylase (x18)
and the malic-enzyme reaction are important for the replen-
ishment of TCA-cycle intermediates (Lehninger, 1977). The
data shown in Table V suggest that at least one of these
anaplerotic reactions is activated under ammonia stress. It is
not clear, however, which of these two reactions is stimu-
lated. Chauvin and coworkers (1994) showed, by13C-NMR,
that the pyruvate-carboxylase flux increases in NH+

4-
stimulated kidney cells. If the same mechanism holds for the
cell line investigated here, this suggests that the assumption
that pyruvate carboxylase is inactive in hybridoma cells is
not valid for cells cultured under ammonia stress.

Glutamate-Dehydrogenase Flux is Reversed

In contrast to fluxes 1 to 18, fluxes 19 to 22 are linearly
independent and can be determined solely by mass-
balancing techniques. It appears that the direction of the
glutamate-dehydrogenase flux (reaction 22) reverses from
an a-ketoglutarate-producing into a glutamate-producing
reaction (i.e., from +0.02 to −0.73z 10−12 mol z cell z d−1)
when the ammonia concentration is increased (Table V).
Glutamate dehydrogenase catalyzes the interconversion of
L-glutamate anda-ketoglutarate:

Table II. Cellular composition. Values are given in 10−5 mg/cell and as
a fraction of dry cell weight (DCW). Specific antibody production (rMAb)
is given in 10−12 g z cell−1 z d−1 and as a fraction of the specific DCW
production rate.

Control 10 mM NH+
4

Absolute
value

(10−5 mg/cell)

Fraction
of DCW

(%)

Absolute
value

(10−5 mg/cell)

Fraction
of DCW

(%)

Total carbohydrates 1.72 3.6 1.86 3.8
Total protein 37.7 79.4 37.5 76.0
Lipids 4.72 9.9 ND —
RNA 2.14 4.5 2.34 4.7
DNA 1.19 2.5 1.53 3.1
DCW 47.5 49.5
rMAb 14.9 3.7 13.5 3.3
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L-glutamate + NAD(P)+ ⇔ a-ketoglutarate + NAD(P)H +
H+ + NH+

4

At high levels, ammonia is consumed by this particular
reaction, which results in a lower net ammonia production
rate. Indeed, the chemical equilibrium of the reaction cata-
lyzed by glutamate dehydrogenase strongly favors gluta-
mate production. The overall equilibrium constant (K) of
the reaction:

K =
@NAD~P!H#@NH4

+#@a − KG#@H+#

@NAD~P!+#@GLU#
(3)

ranges from 1z 10−14 to 1 z 10−15 M2 (Satlach and Fahien,
1969), yielding aDG0 of ca. 20 kcal/mol at physiological
conditions (Smith et al., 1976). In liver cells, this reaction
may never reach equilibrium because the three products,
NAD(P)H, NH+

4, and a-ketoglutarate, can be rapidly me-
tabolized (Satlach and Fahien, 1969). In hybridoma cells,
certain conditions may drive the glutamate dehydrogenase
reaction closer to equilibrium, favoring glutamate synthesis.
Zupke et al. (1995) found, by mass-balancing techniques,
that the glutamate dehydrogenase flux reversed at low pO2

in cultured hybridoma cells, as a result of the build-up of
mitochondrial NAD(P)H at low oxygen levels. Here, it is
shown that accumulated NH+

4 drives the reaction into the
direction of glutamate production. In contrast to liver cells,
hybridoma cells lack the machinery to synthesize urea from
NH+

4 and CO2. Glutamate dehydrogenase provides an alter-
native for the detoxification of NH+4 (see also Fig. 2). The
Michaelis constant for NH+4 as a substrate for glutamate
dehydrogenase is in the order of 0.5 to 3.2 mM (Satlach and
Fahien, 1969), which is well below the (extracellular) con-
centrations of cultured hybridoma cells under ammonia
stress such as measured here (>10 mM).

The produced glutamate, as compared to the control cul-
ture, is subsequently converted by alanine aminotransferase
(45% of the extra glutamate, flux 20), by aspartate amino-
transferase (37%, flux 21), and by pyrroline-5-carboxylate
reductase (6%, flux 37). The remaining 12% of the extra

Table IV. Carbon and nitrogen balances.a

Control 10 mM NH+
4

C N C N

Total produced 59.91 7.30 50.26 7.00
Total consumed 62.50 7.56 56.34 7.59

Estimated error 2.59 0.25 6.08 0.59
Estimated error (%) 2.11 1.68 5.70 4.04

aValues are in 10−12 C mol z cell−1 z d−1 and 10−12 N mol z cell−1 z d−1 for
total carbon and nitrogen production/consumption, respectively. The error
is given both as an absolute value and as a percentage of the sum of
produced and consumed carbon and nitrogen.

Table III. Total production rates (rtot) and net catabolic rates (rnc) of amino acids.a

Production rates
(10−12 mol z cell−1 z day−1)

Net catabolic rates
(10−12 mol z cell−1 z day−1)

Intracellular pools
(mM)

Control 10 mM NH+
4 Control 10 mM NH+

4 Control 10 mM NH+
4

ASP −0.173 −0.053 0.068 0.204 7.57 7.67
GLU −0.208 −0.057 0.032 0.205 8.38 7.10
ASN 0.013 −0.503 0.109 0.045 1.04 1.23
SER −0.023 0.065 0.208 0.292 3.62 5.91
GLN −1.524 −2.005 −1.285 −1.742 1.33 3.48
HIS −0.054 −0.065 −0.021 −0.032 0.25 0.60
GLY −0.115 −0.121 0.138 0.134 3.41 5.04
THR −0.134 −0.152 0.032 0.012 2.21 3.41
ALA 1.227 1.814 1.555 2.140 14.6 24.3
ARG −0.158 −0.204 −0.085 −0.131 2.46 2.18
TYR −0.075 −0.095 −0.024 −0.044 0.81 1.00
CYS −0.101 −0.113 −0.072 −0.084 2.42 3.72
VAL −0.198 −0.216 −0.004 −0.024 1.18 1.61
MET −0.101 −0.129 −0.064 −0.092 1.22 1.51
TRP −0.028 −0.022 −0.011 −0.004 1.37 1.47
PHE −0.067 −0.096 0.004 −0.027 0.93 1.23
ILE −0.377 −0.392 −0.262 −0.278 0.91 1.66
LEU −0.596 −0.594 −0.408 −0.408 1.85 3.05
LYS −0.189 −0.202 −0.093 −0.107 0.61 0.55
PRO 0.078 0.185 0.234 0.315 0.86 2.18
HYP 0.253 0.195 0.253 0.195 2.66 2.89

aThe net catabolic rates are calculated as described by Bonarius et al. (1996). The stoichiometric coefficients are calculated using the cellular composition
(Table II), the measured amino acid composition in cellular protein (Table 6 in Bonarius et al., 1996), and the known amino acid composition of MAb
(Edelman et al., 1969) A positive net catabolic rate indicates that the pertinent metabolite is produced in primary metabolism. Average values of three data
points in each steady state (each data point in duplicate) are given in 10−12 mol z cell−1 z day−1.
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glutamate produced by glumate dehydrogenase is secreted
into the culture medium. This shows that, under ammonia
stress, more than 80% of thea-ketoglutarate required for the
detoxification of NH+

4 is replenished into the TCA cycle by
aminotransferases.

Implications for Mammalian-Cell Culture

Setting the maximization of moles of ATP produced per
mole ammonia as an objective to improve bioreactor per-
formance of mammalian cells, Glacken (1988) suggested
reduction of ammonia formation by adding inhibitors of
glutamate dehydrogenase to the medium, such as fumarate
and pyroxidal phosphate. In light of the data presented here,
glutamate dehydrogenase should be stimulated rather than
inhibited in order to reduce ammonia production rates.
Apart from metabolic engineering techniques this can pos-
sibly be achieved by addinga-ketoglutarate in the culture
medium (Hassel and Butler, 1990) and/or by lowering the
glutamate concentrations. In addition, leucine concentra-
tions should be kept low, as leucine stimulates the glutamate
dehydrogenase reaction into the direction ofa-ketoglutarate
production (Glacken, 1988, referring to Smith et al., 1976).
In particular with high-cell-density cultures, where ammo-
nia accumulation may become a limiting factor, an increase
in the glutamate-dehydrogenase flux may give higher cell
yields.

The authors thank the following people at the Department PRP-
Biotechnology, Hoffmann–La Roche AG: Christel Deuer and
Agnes Weiss for ELISA analyses; Jean-Marie Vonach for me-
dium preparation; Nathalie Schaub-Wild for assistance with
amino acid analysis; and Dr. E.-J. Schlaeger for using the me-
dium that was designed in his laboratory.

NOMENCLATURE

CER carbon dioxide evolution rate (molz cell−1 z d−1)
DCW dry cell weight (gz cell−1)
K overall equilibrium constant for glutamate dehydrogenase

(mol2 z L−2)
kla mass transfer coefficient (d−1)
OUR oxygen uptake rate (molz cell−1 z d−1)
rA total accumulation rate of metaboliteA (mol z cell−1 z d−1)
rnc, A net catabolic rate (molz cell−1 z d−1)
RQ respiration quotient (−)
m growth rate (d−1)
xi metabolic fluxi [mol (product)z cell−1 z d−1]

Matrices and vectors

r (n × 1) measurement rate vector (molz cell−1 z d−1)
x (m × 1) metabolic-flux vector (molz cell−1 z d−1)
A (m × n) stoichiometric matrix (−)
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4. Ru5P→ R5P 0.96 0.96
5. X5P + R5P→ S7P + GAP 0.52 0.57
6. X5P + E4P→ F6P + GAP 0.44 0.43
7. S7P + GAP→ F6P + E4P 0.49 0.52
8. F6P + ATP→ 2 GAP 4.00 4.83
9. GAP → G3P/SER 8.32 10.0
10. G3P/SER→ PEP 8.00 9.61
11. PEP→ PYR 8.02 9.65
12. PYR→ ACoA + CO2 2.50 2.30
13. ACoA + OAA → CIT 3.28 3.14
14. CIT → AKG + CO2 2.37 2.28
15. AKG → MAL + CO2 3.30 3.53
16. MAL → OAA 3.46 3.77
17. MAL → PYR + CO2 0.08 −0.55
18. PYR + CO2 → OAA 0.0 0.0
19. CIT → 1/9 FA/CHOL + PYR + CO2 1.04 1.04
20. PYR + GLU→ AKG + ALA 1.56 2.14
21. GLU + OAA → ASP + AKG 0.21 0.70
22. GLU → AKG + NH3 0.02 −0.73
23. GLN + ASP→ GLU + ASN 0.0 0.0
24. GLN → GLU + NH3 1.29 1.74
25. ASN → ASP + NH3 −0.14 −0.32
27. PYR→ LAC 9.21 10.7

aMetabolic fluxes determined using the constraints given in Eq. (2) and
the measurement data of Tables I, II, and III. Values are given in 10−12 mol
product cell−1 z d−1. Cofactors, ATP, and NAD(P)H, are not shown in
stoichiometric equations.
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