
Publisher’s version  /   Version de l'éditeur: 

Metabolic Engineering, pp. 1-9, 2011-12-30

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 

pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 

first page of the publication for their contact information. 

NRC Publications Archive

Archives des publications du CNRC

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. / 

La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version 

acceptée du manuscrit ou la version de l’éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de l’éditeur, utilisez le lien 

DOI ci-dessous.

https://doi.org/10.1016/j.ymben.2011.05.004

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

Enhanced glycoprotein production in HEK-293 cells expressing 

pyruvate carboxylase
Henry, Olivier; Durocher, Yves

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=f1b9f026-a74d-45b2-aec1-b896fdd872a7

https://publications-cnrc.canada.ca/fra/voir/objet/?id=f1b9f026-a74d-45b2-aec1-b896fdd872a7



Enhanced glycoprotein production in HEK-293 cells expressing

pyruvate carboxylase

Olivier Henry a,n, Yves Durocher b
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a b s t r a c t

There is an imperative need for expression systems allowing the efficient and robust manufacturing of

high quality glycoproteins. In the present work, HEK-293 cells stably expressing interferon-a2b were

further engineered with the insertion of the yeast pyruvate carboxylase 2 gene. In batch cultures,

marked reductions in lactate and ammonia production were observed compared to the parental cell

clone. Although the maximum specific growth rate remained unchanged, the altered metabolism led to

a 2-fold increase in maximum cell density and 33% increase in the integral of viable cell concentration

and interferon production yield. The underlying metabolic changes were further investigated using

various 13C-labeled substrates and measuring the resulting lactate mass isotopomer distributions.

Simultaneous metabolite and isotopomer balancing allowed the accurate determination of key

intracellular fluxes. Such detailed and quantitative knowledge about the central carbon metabolism

of the cells is instrumental to further support the development of high-yield fed-batch processes.

& 2011 Elsevier Inc. All rights reserved.

1. Introduction

HEK-293 cells are extensively used for the production of various

viral vectors, including adenovirus (Kamen and Henry, 2004), adeno-

associated virus (Durocher et al., 2007), retrovirus (Ghani et al., 2006)

and lentivirus (Broussau et al., 2008). Due to their human origin, their

ability to grow in serum-free suspension culture and their high

transfectability, the HEK-293 cells also constitute an attractive plat-

form for the transient or stable expression of recombinant proteins

requiring proper post-translational modifications (Durocher and

Butler, 2009; Durocher et al., 2002; Zhang et al., 2010). We have

recently described the establishment of an HEK-293 cell clone (D9)

with a stable expression of interferon-a2b (IFNa2b), allowing to

reach product yields in excess of 200mg/L in serum-free batch

culture (Loignon et al., 2008). The purified product was shown to

be O-glycosylated, heavily sialylated and biologically active. The

efficient and cost-effective production of biotherapeutics in mamma-

lian cell cultures requires the development of processes supporting

high cell densities and high cell specific productivities (Durocher and

Butler, 2009; Ng et al., 2007; Wurm, 2004). Thus, efforts are now

being devoted to further increasing the yields of glycoprotein

production by applying metabolic engineering approaches at both

the process and cellular levels.

In mammalian cell cultures, cell density and product concentra-

tion are often low due to the accumulation of lactate and ammonia,

the two major metabolic by-products of glucose and amino acids

metabolism (Quek et al., 2009a). They are well known inhibitors of

both cellular growth and productivity, with detrimental effects

reported for lactate levels exceeding 20mM and ammonia concen-

trations as low as 2–3mM (Cruz et al., 2000; Glacken, 1986; Hassell

et al., 1991; Omasa et al., 1992a; Ozturk et al., 1992). Moreover, these

metabolites were shown to adversely affect product quality, most

notably by altering the glycosylation pattern (Andersen and Goochee,

1995; Borys et al., 1994; Chen and Harcum, 2006; Gawlitzek et al.,

1998; Grammatikos et al., 1998). Consequently, numerous strategies

have been explored to reduce the build-up of these toxic metabolites

with the goals of achieving high viable cell concentrations, extending

culture time and improving product yield and quality.

At the process level, the apparent deregulation of glucose and

glutamine uptake rates when these nutrients are present in excess

has led to the implementation of controlled feeding strategies to

maintain low but non-limiting levels of the main nutrient concentra-

tions (Europa et al., 2000; Gambhir et al., 1999; Kurokawa et al.,

1994; Lee et al., 2003; Ljunggren and Haggstrom, 1992, 1994; Omasa

et al., 1992a, 1992b; Siegwart et al., 1999; Zhou et al., 1995). Such

strategies have proven effective at reducing the overall yield of lactate

on glucose, but require on-line monitoring of nutrient concentrations

and automatic feed rate adjustment during the culture. Metabolic

waste formation was also reduced through modifications of the

medium composition, such as substituting glucose with galactose

(Altamirano et al., 2000, 2004) or pyruvate (Genzel et al., 2005),

glutamate (Hassell and Butler, 1990) or asparagine (Kurano et al.,

1990) for glutamine, or through the addition of TCA intermediates in

the culture medium (Omasa et al., 2009). While effectively reducing
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lactate or ammonia accumulation, these changes may also negatively

impact on the growth and/or productivity of the cells. Finally, various

separation techniques have also been explored for the in-situ

selective removal of lactate and ammonia from the culture broth

(Brose and van Eikeren, 1990; Chang et al., 1995; Nayve et al., 1991),

but have not yet found widespread application.

At the cellular level, several host engineering approaches were

proposed to design continuous cell lines with improved charac-

teristics, such as enhanced secretary capacity (Peng et al., 2010)

or more efficient nutrient utilization achieved through an altera-

tion of their primary metabolism. A key early success was

achieved with the insertion and amplification of the glutamine

synthetase gene in CHO and myeloma cells, allowing growth in

glutamine-free medium and thereby significantly reducing

ammonia formation (Bebbington et al., 1992; Birch et al., 1994;

Cockett et al., 1990). Partial disruption of the gene encoding

lactate dehydrogenase A in hybridoma cells was also shown to

lower the production of lactate, translating into an increase in cell

concentration and antibody production (Chen et al., 2001).

Another approach consisted of the expression of a yeast pyruvate

carboxylase (PYC) gene in mammalian cells to compensate for the

apparent lack of enzymatic activities linking glycolysis and the

TCA cycle. This enzyme, catalyzing the anaplerotic conversion of

pyruvate to oxaloacetate, is naturally present in mammalian cells,

but several isotopic tracer studies revealed that pyruvate incor-

poration into the TCA mainly occurs via the pyruvate dehydro-

genase reaction (Bonarius et al., 2001; Mancuso et al., 1994;

Metallo et al., 2009). PYC expression was shown to have a

profound effect on the metabolism of several relevant cell lines,

including BHK-21 cells (Irani et al., 1999), HEK-293 cells (Elias

et al., 2003) and CHO cells (Kim and Lee, 2007). All these studies

have reported marked reductions in glucose uptake and lactate

formation rates resulting from PYC expression. Interestingly,

ammonia production was also inhibited, demonstrating the intri-

cate link between glutamine and glucose metabolism. However,

despite exhibiting a highly efficient nutrient utilization, these

altered metabolisms yielded mixed results in term of cellular

growth and productivity enhancements. Moreover, while 14CO2

measurements have suggested an increase incorporation of glu-

cose carbon into the TCA cycle resulting from the expression of

the PYC gene (Irani et al., 1999), the actual pyruvate carboxylase

flux has not been evaluated in these studies.

In this work, we have investigated the potential of expressing the

PYC2 gene in HEK-293 cells to enhance the production of recombi-

nant IFNa2b. The cellular kinetics of the PYC-overexpressing cells in

batch cultures were compared to the parental cell clone stably

expressing the glycoprotein. To provide a detailed and quantitative

description of the underlying physiological changes observed, we

have conducted a 13C-metabolic flux analysis on the two cell clones.

To this end, cells were grown with various labeled substrates and

the resulting mass isotopomer distributions of lactate were mea-

sured by LC-MS. Simultaneous metabolite and isotopomer balancing

was then used to estimate the intracellular flux distribution in both

the parental and the PYC-expressing cell lines. Such metabolic

characterization is needed for the rational design of improved

medium formulation and feeding strategies (Xie and Wang, 1996).

2. Materials and methods

2.1. Cell lines, medium and culture conditions

The HEK293-IFN clone D9 (293-D9) stably producing interferon-

a2b was established from the 293-6E cell line constitutively

expressing an EBNA1 protein of the Epstein–Barr virus, as previously

described (Loignon et al., 2008). The HEK293-IFN-PYC clone F5

(293-F5) was obtained by transfection of the 293-D9 cell line with

the pCEP5a vector (Durocher et al., 2002) encoding the yeast

pyruvate carboxylase 2 gene (GeneID: 852519; Elias et al., 2003).

Stable transfectants were selected using 10 mg/ml of hygromycin in

Freestyle 293 medium (Invitrogen) and clones derived from single

colonies were amplified and screened for PYC2 expression by

western blot using HRP-conjugated streptavidin (Sigma). The clone

F5 was selected based on PYC2 expression level and stability in the

absence of hygromycin. The pool of transfected cells fromwhich this

clone was isolated was also characterized in terms of cellular

growth, nutrient consumption, waste metabolite production and

interferon yield. Since the F5 clone and the pool of transfected cells

exhibited comparable kinetics rates, clonal variation effects were

ruled out as a determinant factor for the differences observed in our

study. Cells were grown in glucose-free LC-SFM medium (Invitro-

gen) supplemented with 1% BSA, 25 mM glucose and 4 mM gluta-

mine. Batch cultures were performed in 125 mL shaker flasks

(Corning) at an initial working volume of 20 mL. Cultures were

inoculated at a cell concentration of 0.2�106 cells/mL and were

grown at 37 1C and 5% CO2 under constant agitation (120 rpm).

Isotopic tracer studies were conducted using 1-13C, 6-13C, U-13C

glucose and U-13C glutamine (Cambridge Isotopes), all at 99% purity.

The cultures were carried out in parallel in 50 mL spin-tubes

(Sartorius) at a working volume of 4 mL and were operated in a

semi-continuous mode, whereby a fraction of spent culture volume

was replaced with fresh medium on a daily basis. Upon reaching

pseudo-steady cell and nutrient concentrations, cultures were

centrifuged and re-suspended in fresh medium containing the 13C-

enriched substrate and semi-continuous operation was continued

for up to 5 days. This mode of operation was chosen over batch

cultivation to ensure the attainment of isotopic steady state condi-

tions by maintaining the cells under balanced exponential growth

conditions (Deshpande et al., 2009), while alleviating the need for a

more complex small-scale chemostat setup (Henry et al., 2008).

2.2. Analytical methods

Total cell concentration was determined using a haemocyt-

ometer (Hausser Scientific, Horshaw, PA) and cell viability was

assessed by dye exclusion method using erythrosine B. Samples

taken from the cultures were frozen at –80 1C until ready for

analysis. Glucose, lactate and ammonia were measured with a

Biolyzer instrument (Kodak, New Haven, Connecticut). Amino acids

in the culture supernatant were quantified by the AccQ-tag method

(Pham et al., 2003). The interferon was measured by an ELISA assay

as described in Loignon et al. (2008). Lactate in the supernatant was

separated by an HPLC system (Dionex Canada, Oakville, ON) using

an Ion Pac AS11-HC column equipped with an AG11 pre-column as

previously described (Lioussanne et al., 2008). The mass isotopomer

distribution of lactate was determined by recording electrospray

ionization (ESI) mass spectra in the negative ion mode using a

Micromass ZQ detector (Waters, Milford, MA). The medium sample

was infused with a syringe pump at a flow rate of 20 mL/min. The

operating conditions of the mass spectrometer were as followed:

capillary voltage, 3.0 kV; cone voltage, �23 V; extractor voltage,

�3 V and RF lens voltage, �0.2 V. The source temperature was

110 1C, the desolvation temperature was 300 1C and nitrogen gas

was used as a nebulizer and drying gas.

2.3. Intracellular flux calculation

The reaction network employed in this study was adapted from a

comprehensive metabolic model previously established for HEK-293

cells (Henry et al., 2005; Nadeau et al., 2002). Themodel considers the

main pathways from the central carbon metabolism including

glycolysis, the pentose phosphate pathway, the TCA cycle, anaplerotic
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reactions and the catabolism of 18 amino acids. The biosynthetic rates

were calculated assuming a constant average cellular composition (on

a dry weight basis) in lipids, DNA/RNA and proteins, as previously

measured for HEK-293 cells (Nadeau et al., 2002). Intracellular flux

distributions were evaluated by simultaneous metabolite and iso-

topomer balancing using the biochemical reactions and the corre-

sponding atom transitions listed in Table A1 (Appendix A1). As none

of the exchange fluxes in our model was observable with the labeling

data at hand, all reactions were treated as unidirectional. Metabolic

compartmentation was not taken into account and, therefore, cyto-

solic pools of oxaloacetate, malate and pyruvate, which can be

transported across the mitochondrial membrane, were assumed to

have the same labeling distribution as their mitochondrial counter-

parts (Bonarius et al., 2001; Hofmann et al., 2008; Metallo et al.,

2009). The metabolic model consisted of 25 biochemical reactions, of

which 10 were directly calculable from measurements, and 13

balanceable metabolites. The lactate isotopomer distributions

obtained from the four labeled substrates yielded 12 additional

measurements. The unknown free fluxes were estimated by a non-

linear fitting procedure to minimize the difference between experi-

mental and simulated isotopomer data. For each cell clone, a single

optimization was performed using mass distribution measurements

from the four parallel cultures. Calculations were implemented and

performed in the OpenFLUX software package (Quek et al., 2009b).

The goodness of fit was assessed with a w
2 test applied to the

obtained minimal sum of squares of residuals and 95% confidence

intervals for the fluxes were calculated according to the approach

described by Antoniewicz et al. (2006).

3. Results

3.1. Cell growth and IFNa2b production in batch cultures

The parental (293-D9) and PYC-overexpressing (293-F5)

cells were grown in batch mode and the resulting cell density

profiles are shown in Fig. 1A. The 293-F5 cells reached a

maximum cell concentration of about 3�106 cells/mL, a nearly

2-fold increase compared with the parental cells. This increase

was mainly due to a prolonged exponential growth phase, as

the maximum specific growth rates were fairly similar for the

two cell lines (0.022 and 0.020 h�1 for the D9 and the F5 clones,

respectively). Upon reaching their maximum in concentration

at 150 h, the 293-F5 cells exhibited a sharp decrease in cell

viability, likely as a result of a key nutrient depletion. In

contrast, this decrease was less pronounced during the decline

phase in the case of the parental cells. After 215 h of cultivation

time, the integral of viable cell (IVC) was nonetheless 33%

greater for the PYC-expressing cells. The corresponding glu-

cose, lactate and ammonia concentration profiles are depicted

in Fig. 1B–D. As expected, the insertion of the PYC2 gene led to

a marked reduction in lactate formation. The 293-F5 cells were

even shown to experience a metabolic shift characterized by

the consumption of lactate during the period corresponding to

the late exponential phase. Concomitant with the reduction in

lactate formation, the final ammonia concentration was also

reduced by a factor of 2. An analysis of amino acids utilization

indicated that the consumption of glutamine and the produc-

tion of glutamate and proline were all significantly reduced

(Fig. 2). Interestingly, unlike for the parental cell clone, there

was a net production of asparagine by the 293-F5 cells,

presumably as a result of an increased flux from pyruvate to

oxaloacetate, the latter being the biosynthetic precursor for this

amino acid. As shown in Fig. 3, the altered metabolism led to an

increase in volumetric productivity, as the PYC-expressing cells

yielded a maximum interferon concentration of 80 mg/L, com-

pared with 60 mg/L for the parental cells. This increase in

product concentration was solely attributable to the increase

in biomass, since the cell specific productivity (calculated with

respect to the integral of viable cell, Luan et al., 1987) remained

unchanged at circa 0.2 mg/109cells h for the two cell clones.

Fig. 1. Viable cell (A), glucose (B), lactate (C) and ammonia (D) concentrations profiles during batch cultivation of 293-D9 and 293-F5 cells.

O. Henry, Y. Durocher / Metabolic Engineering ] (]]]]) ]]]–]]] 3

Please cite this article as: Henry, O., Durocher, Y., Enhanced glycoprotein production in HEK-293 cells expressing
pyruvate carboxylase. Metab. Eng. (2011), doi:10.1016/j.ymben.2011.05.004

dx.doi.org/10.1016/j.ymben.2011.05.004


3.2. Cell kinetics and 13C metabolic flux analysis in semi-continuous

cultures

Semi-continuous cultures were performed to allow the deter-

mination of the cell specific consumption/production rates and

the labeling distributions under metabolic and isotopic pseudo-

steady state conditions. All semi-continuous cultures were main-

tained within the range of 0.7–1.2�106 cells/mL and at 490%

viability. From the fraction of broth volume exchanged to main-

tain pseudo-constant conditions, the growth rates were deter-

mined to be 0.016 and 0.014 h�1 for the D9 and F5 cell lines,

respectively. These values were slightly lower than those

observed in batch, presumably due to the different cultivation

systems employed (shake flasks vs spintubes). The experimen-

tally determined average cell specific nutrient uptake and meta-

bolite production rates are reported in Table 1. At pseudo-steady-

state, glucose consumption was approximately reduced by a

factor of 2 and lactate production by a factor of 6 for the 293-F5

cells. It is noteworthy that the molar ratio of lactate production to

glucose consumption for the PYC-expressing cells was only 0.3,

which is noticeably smaller than values commonly reported for

mammalian cells (typically in the range of 1–2). While the uptake

rate of glutamine was reduced by 15%, the consumption rates of

most other essential amino acids were slightly enhanced. How-

ever, for both cell lines, the specific consumption rates of amino

acids remained comparatively small relative to the glucose

uptake rate.

Fig. 4 shows the resulting lactate mass distributions obtained

when the two cell lines were grown using various 13C-labeled

substrates. The standard deviations of the individual mass abun-

dance measurements were in the range of 1–2%. As expected, the

distinct phenotypes of the two cell clones were reflected in the

different labeling patterns of lactate obtained. Differences in the

mass distributions corresponding to 1-13C and 6-13C glucose are

directly indicative of pentose phosphate pathway activity, since

the 1-C position of glucose-6-phosphate is released as carbon

dioxide by the 6-phosphogluconate-dehydrogenase reaction. Flux

through the pentose phosphate pathway was therefore greater in

the case of the parental cells. The mass distributions correspond-

ing to uniformly labeled substrates also revealed that the vast

majority of lactate originated from the glucose metabolized

directly through glycolysis. Although comparatively small, the

presence of non-labeled or partially labeled lactate indicated the

contribution of amino acids and/or the presence of pyruvate

recycling from the TCA cycles. In order to get a more quantitative

description of the underlying physiological differences, these

labeling distributions and the measured uptake/consumption

rates were used as inputs to the metabolic model for evaluating

the intracellular fluxes in both cell lines. Fig. 4 shows the

calculated (fit) values in comparison with the experimental

lactate mass distributions. The variance weighted sum squares

of the residuals were 10.5 and 16.9 for the D9 and F5 cell clones,

respectively. Despite minor discrepancies with the experimental

results, the model fits were statistically acceptable, since a w2 test
(with 10 degrees of freedom) for goodness of fit yields a

maximum allowable objective value of 18.3 at the 95% confidence

Fig. 2. Comparison of amino acids utilization by 293-D9 and 293-F5 cells in batch culture (from 0 to 162 h). Positive values indicate a net production.

Fig. 3. Comparison of recombinant interferon yield between 293-D9 and 293-F5

cells in batch cultivation.

Table 1

Measured specific uptake (negative values) and production rates (positive values)

during semi-continuous cultures. Errors are standard deviations from a minimum

of 3 pseudo-steady state measurements.

Nutrient/metabolite Specific uptake or production rate (pmol/cell d)

293-D9 293-F5

Glucose �3.2270.18 �1.7570.09

Lactate 3.0570.15 0.5370.03

Aspartate 0.0070.01 0.0170.01

Glutamate 0.1470.01 0.0970.01

Serine �0.0770.01 �0.0770.01

Asparagine 0.0070.01 0.0670.01

Glycine 0.0270.01 0.0270.01

Glutamine �0.7070.07 �0.5970.06

Histidine �0.0170.01 �0.0270.01

Threonine �0.0170.01 �0.0470.01

Arginine �0.0770.01 �0.0970.01

Alanine 0.0770.01 0.0270.01

Proline 0.1170.01 0.1370.01

Tyrosine �0.0270.01 �0.0370.01

Cysteine �0.0370.01 �0.0570.01

Valine �0.0870.01 �0.1370.01

Methionine �0.0270.01 �0.0370.01

Isoleucine �0.1170.01 �0.1770.02

Leucine �0.1270.01 �0.1770.02

Lysine �0.0670.01 �0.1070.01

Phenylalanine �0.0270.01 �0.0370.01
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level. The average deviations between fitted and measured mass

isotopomer data were 1.1% and 1.6%, and normal probability plots

of the residuals were verified to be linear. The calculated intra-

cellular flux distributions for both cell clones are shown in Fig. 5.

To better assess the significance of observed differences, the

corresponding 95% confidence intervals are reported in Table 2.

4. Discussion

HEK-293 cells modified to express the PYC2 gene exhibited a

more efficient metabolism, characterized by marked reductions in

glucose uptake, glutamine consumption, lactate production and

ammonia formation. Compared with the parental cells, we

observed a notable increase in the maximum cell density that

translated into an increase in final product concentration during

batch cultivation. The significant decrease in waste metabolite

formation undoubtedly delays the acidification of the culture

medium and may explain, at least in part, the higher maximum

cell concentration achieved. However, the maximum specific

growth rate and the cell specific productivity remained

unchanged. In contrast to our results, expression of PYC in

hGM-CSF producing CHO-K1 cells resulted in a lower maximum

cell concentration, a reduced growth rate, a prolonged culture

time and a two-fold increase in cell specific productivity (Fogolin

et al., 2004). In the case of BHK21 cells, no noticeable effect

Fig. 4. Experimentally determined and simulated lactate mass isotopomer distributions in semi-continuous cultures grown with 1-13C glucose (A, B), 6-13C glucose (C, D),

U-13C glucose (E, F) and U-13C glutamine (G, H). White and gray bars indicate the mass distributions determined by LC/MS for the 293-D9 and 293-F5 cells, respectively.

The black bars represent the optimally fitted mass isotopomer distributions. mþ i denotes the fractional abundance of the mass isotopomer containing i 13C-atoms.
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on the cell growth rate and maximum cell density in batch was

observed (Irani et al., 1999), but culture viability was prolonged

for three days. The cell specific productivity of recombinant

human EPO was identical in PYC-expressing and control cells in

perfusion cultures under non-limiting substrate conditions

(Irani et al., 2002). Taken together, these results and our data

indicate that the level and effects of PYC expression on cellular

growth and productivity are likely both cell-type and process

dependent. It should be noted that the interferon yields obtained

in the current study are lower than those previously reported

for the HEK-293 D9 clone (200 mg/L) (Loignon et al., 2008).

However, these higher yields were achieved using a more com-

plex medium formulation and the addition of peptone (0.1% TN1).

The choice for the medium employed in our study was dictated

by the requirements for conducting isotopic tracer studies, i.e.

a well characterized and glucose/glutamine-free medium. This

nonetheless demonstrates the potential of improvement achiev-

able through the rational design of medium composition

meeting the specific requirements for cellular growth and/or

productivity.

Fig. 5. Intracellular fluxes for 293-D9 (upper values) and 293-F5 (bottom values) cells. All fluxes are expressed in pmol/cell �d. Dashed lines indicate fluxes that were

directly calculable from external rates and the cellular composition. Solid lines indicate intracellular fluxes that were estimated with the labeling data.
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In order to shed more light on the underlying physiological

changes observed between the two cell clones, we have con-

ducted a comprehensive 13C metabolic flux analysis study. It

should be emphasized that the experimental measurements

performed in our work (mass spectrometry analysis of extracel-

lular lactate) did not allow to quantify compartmental differences.

Since we assumed rapid isotopic equilibration of metabolites

between the compartments via effective shuttle systems, the

TCA flux estimates presented in Fig. 5 are thus average values

encompassing both the cytosolic and mitochondrial network

activities. The analysis revealed that, at the pyruvate branch

point, the parental cells converted 51% of the pyruvate pool into

acetyl-CoA via the pyruvate dehydrogenase, 48% to lactate via

lactate dehydrogenase and the remaining fraction to amino acids

(mainly alanine and glycine). Our data suggested little to no

significant flux through the pyruvate carboxylase, confirming an

observation made by previous studies on several mammalian

cells in culture (Bonarius et al., 2001; Mancuso et al., 1994;

Metallo et al., 2009). In contrast, the PYC-expressing cells con-

verted 56% of the pyruvate into acetyl-CoA, 26% into oxaloacetate

via the pyruvate carboxylase and only 9% into lactate. Despite

these different split ratios, as the glucose uptake was also

reduced, the actual flux of pyruvate to acetyl-CoA remained

similar in both cell clones (approximately 3.2 pmol/cell d), poten-

tially suggesting that this pathway is operating at maximum

capacity. The TCA cycle fluxes from citrate to oxaloacetate

appeared to be enhanced by 15%, mainly due to the increase in

the uptake of some essential amino acids (tyrosine, leucine,

isoleucine, lysine and phenylalanine), but there is an overlap in

the confidence intervals associated with these fluxes (Table 2).

The most notable change associated with the increase in pyruvate

carboxylase activity was a 4-fold augmentation in the malic

enzyme flux. This pathway, together with the pentose shunt,

contributes to the formation of NADPH, a reducing agent needed

for the synthesis of nucleotides and fatty acids. Interestingly, the

amount of glucose channeled through the pentose phosphate

pathway was reduced in the PYC-expressing cells, representing

7% of the glucose uptake rate, compared to 28% for the parental

cells. However, the combined contribution of these two pathways

towards NADPH formation remained relatively similar (2.3 and

2.5 pmol/cell d of NAPDH for the D9 and F5 cells, respectively).

Although the catabolic rates of amino acids were individually

small for both cell lines, these nutrients nonetheless account for a

substantial portion of the total carbon entering the TCA cycle.

Glutamine was the main amino acid consumed by the cells.

Despite the observation of significant pyruvate recycling via the

action of malic enzyme, the use of uniformly labeled substrate

revealed that glutamine did not significantly contribute to lactate

formation, due to its comparatively small uptake rate. This is not a

universal finding, as glioblastoma cells were shown to metabolize

60% of glutamine to lactate (DeBerardinis et al., 2007), human

diploid fibroblasts about 13% (Zielke et al., 1980) and hybridoma

cells approximately 9% (Petch and Butler, 1994).

Other than the changes observed in the intracellular flux

distribution, one of the key difference between the two clones

lies in the reduced specific consumption rate of glucose by the

PYC-expressing cells. Such behavior is normally observed in

response to lower residual levels of glucose in the extracellular

environment, but concentrations remained above 20 mM in all

our cultures. The factors governing the glucose uptake cannot be

inferred from the 13C-metabolic flux analysis, but it can be

speculated that some feedback mechanism is activated, presum-

ably due to changes in the concentration of key intracellular

metabolite pools resulting from the distinct metabolic flux

distribution. Alternatively, an homeostatic mechanism may be

reacting to variation in cofactors levels to maintain the redox

potential (NADþ/NADH ratio) or the energetic state of the cells

(Neermann and Wagner, 1996; Zupke et al., 1995). Higher cell

specific content of ATP have indeed been measured in PYC-

expressing BHK cells (Irani et al., 1999). This regulation probably

does not occur at the gene level, as gene expression profiling test

using microarray analysis could not reveal any significant differ-

ence between the two cell clones (data not shown). Clearly,

further work is needed to elucidate the mechanisms regulating

substrate uptake in cultured mammalian cells.

5. Conclusion

The expression of PYC in HEK-293 cells was shown to enhance

the yield of interferon-a2b production in batch culture, mainly

through an augmentation in the integral of viable cell concentra-

tion. Isotopic labeling was employed to determine the metabolic

flux distribution and demonstrated the presence of a significant

pyruvate carboxylase activity that was missing in the parental

clone. Such detailed analysis can provide invaluable information

and constraints for further cellular engineering approaches, as

well as guide the design of improved medium formulations and

feeding strategies. The extension of culture times typically

achieved in fed-batch cultures is usually associated with an

increased cumulative glucose consumption and lactate accumula-

tion. By delaying the accumulation of toxic waste metabolites, the

favorable metabolism exhibited by the PYC-expressing HEK-293

cells make them particularly well-suited for employing concen-

trated nutrient solutions to further prolong the growth and/or

production phases.
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Appendix A

The biochemical reactions and the corresponding carbon atom

transitions used for intracellular flux analysis (Table A1).

Table 2

95% confidence intervals for the intracellular fluxes (pmol/cell d).

Reaction 293-D9 293-F5

Glycolytic and pentose phosphate pathway fluxes

G6P-F6P [2.12–2.51] [1.43–1.79]

G6P-R5PþCO2 [0.79–1.03] [0.05–0.27]

2R5P-S7PþG3P [0.25–0.33] [0.0–0.07]

R5PþE4P-F6PþG3P [0.25–0.33] [0.0–0.07]

S7PþG3P-F6PþE4P [0.25–0.33] [0.0–0.07]

F6P-2G3P [2.71–3.06] [1.55–1.79]

G3P-PYR [5.80–6.39] [3.16–3.59]

TCA cycle and malic enzyme fluxes

PYR-ACCOAþCO2 [2.70–3.74] [2.91–3.44]

ACCOAþOAA-CIT [3.02–4.08] [3.58–4.22]

CIT-AKGþCO2 [2.26–3.40] [2.95–3.64]

AKG-MALþCO2 [2.60–3.79] [3.09–4.04]

MAL-OAA [2.16–3.43] [0.86–2.19]

MAL-PYRþCO2 [0.42–0.84] [1.70–3.08]

PYR-MALþCO2 [0.0–0.40] [1.19–2.63]
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