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1. Abstract

Chinese Hamster Ovary (CHO) cell lines are grown in cultures with varying asparagine and
glutamine concentrations, but further study is needed to characterize the interplay between these
amino acids. By following *C-glucose, *C-glutamine, and *C-asparagine tracers using metabolic flux
analysis (MFA), CHO cell metabolism was characterized in an industrially relevant fed-batch process
under glutamine supplemented and low glutamine conditions during early and late exponential growth.
For both conditions MFA revealed glucose as the primary carbon source to the tricarboxylic acid (TCA)
cycle followed by glutamine and asparagine as secondary sources. Early exponential phase CHO cells
prefer glutamine over asparagine to support the TCA cycle under the glutamine supplemented
condition, while asparagine was critical for TCA activity for the low glutamine condition. Overall TCA
fluxes were similar for both conditions due to the trade-offs associated with reliance on glutamine

and/or asparagine. However, glutamine supplementation increased fluxes to alanine, lactate and
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enrichment of glutathione, N-Acetyl-Glucosamine (NAG) and pyrimidine-containing-molecules. The late
exponential phase exhibited reduced central carbon metabolism dominated by glucose, while lactate
reincorporation and aspartate uptake were preferred over glutamine and asparagine. These *C studies
demonstrate that metabolic flux is process time dependent and can be modulated by varying feed

composition.
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2. Introduction

The biopharmaceutical market is expected to surpass USD500 billion by 2023 (Rader & Langer,
2018). A large number of these products are generated by Chinese hamster ovary (CHO) cells, the host
organism of choice in the biopharmaceutical industry (Walsh, 2014). Efforts to understand how these
cells process nutrients will increase our capacity to design medium to optimize production of
recombinant proteins. One key aspect of CHO production is glutamine and asparagine metabolism,
representing major carbon and nitrogen sources for the cell. Glutamine is a critical component, for
growth, energy, redox, signaling, and pH regulation of mammalian cell metabolism (Borys, Linzer, &
Papoutsakis, 1994; Dyring, Hansen, & Emborg, 1994; Wahrheit, Nicolae, & Heinzle, 2014; Xu, Dai, Graf,
Martel, & Russell, 2014). In addition to being used to synthesize protein and fuel the TCA cycle,
glutamine also functions as a carbon and nitrogen source for pyrimidines and their derivatives (Hayter et
al., 1991; Holden, Thoden, & Raushel, 1999; D. Mathur et al., 2017). Nucleotides from pyrimidines and
purines are precursors for nucleic acid synthesis and nucleotide sugars, which are substrates for
glycosylation (Evans & Guy, 2004; McAtee, Templeton, & Young, 2014; Nyberg et al., 1999; Rijcken,

Overdijk, Vandeneijnden, & Ferwerda, 1993).



Glutamine supplementation can alter the specific growth rate, the maximum viable cell density,
titer, and the pH profile (Dean & Reddy, 2013; Wahrheit et al., 2014; Xu et al., 2014; F. Zhang, Sun, Yi, &
Zhang, 2006). However, due to its high demand, glutamine is often the first amino acid to be depleted
from the medium (Ahn & Antoniewicz, 2012; Chen & Harcum, 2005; Nyberg, Balcarcel, Follstad,
Stephanopoulos, & Wang, 1999; Schneider, Marison, & von Stockar, 1996). When fed to CHO cells, some
glutamine is channeled into the tricarboxylic acid (TCA) cycle after conversion to glutamate, which
coincides with either the generation of free ammonia or excess alanine acting as a sink for ammonia
(Dean & Reddy, 2013). Ammonia accumulation at higher concentrations can be detrimental for cell
growth, production, and quality (Altamirano, lllanes, Becerra, Cairo, & Godia, 2006; Genzel, Ritter,
Konig, Alt, & Reichl, 2005; Gupta et al., 2017; Kurano, Leist, Messi, Kurano, & Fiechter, 1990). As a
result, the benefits of glutamine addition to the culture can be limited. Finding the optimal level and
time point for feeds can be challenging for a fed-batch process due to the balance of requirements for

cell growth against cell line sensitivity to toxic quantities of ammonia.

Similar to glutamine, asparagine is of paramount importance for cellular metabolism and can
sometimes fulfill a similar role to glutamine, serving as an alternative nitrogen and carbon source for the
cell and can be consumed in addition to or in place of glutamine (Altamirano et al., 2006; Dean & Reddy,
2013; Duarte et al., 2014; Fomina-Yadlin et al., 2014; Genzel et al., 2005; Xu et al., 2014; L.-x. Zhang et
al., 2016). Asparagine can also be depleted during fed-batch culture (Hansen & Emborg, 1994; Hayter et
al., 1991; Kishishita et al., 2015; Xu et al., 2014). In cancer cells, asparagine along with other non-
essential amino acids can restore glutamine-deprived cell survival even with limited or reduced TCA
cycle activity (Pavlova et al., 2018; J. Zhang et al., 2014).

As glutamine and asparagine can feed the TCA, their consumption rates can exceed their
stoichiometric demands, therefore, a better understanding of how these amino acids are used and

interplay as substrates for growth and maintenance in CHO cell cultures would be valuable. In this study



a CHO cell expression platform is cultured under fed-batch mode to understand over batch time how
asparagine and glutamine metabolism is modulated in glutamine supplemented and low glutamine
conditions using *C labeling approaches. All conditions contained glutamine in the basal medium, with
additional glutamine added in both the basal medium and feeds for the supplemented condition only.
To characterize the specific contributions of asparagine, glutamine, and glucose to CHO cell metabolism
during early and late exponential phase for the low glutamine and glutamine supplemented conditions,
CHO cells were fed with *C-glucose, **C-glutamine, and **C-asparagine tracers at two appropriate points
during the exponential growth phase. These tracers were followed through tracer enrichment analysis
and 3C metabolic flux analysis (**C MFA). CHO cells utilized all three resources to support central carbon
metabolism with characteristic patterns of utilization and distribution rates that changed from early
exponential to late exponential phases. Glutamine and asparagine played key roles during early
exponential phase, while glucose utilization was relevant throughout the process. The cells prefer
glutamine over asparagine for the glutamine supplemented conditions while asparagine contributes
significantly to the TCA cycle under the low glutamine condition. These amino acids also contribute to
other pathways including pyrimidine, NAG, and glutathione synthesis. However, the utilization of both
amino acids becomes less prominent in the late exponential growth phase as glucose, aspartate, and
lactate play increasingly important roles in carbon metabolism.

3. Methods

3.1 Cell Culture

A recombinant monoclonal antibody producing CHO cell line that grows in suspension with a
proprietary chemically defined medium was used for this study. After expansion in a seed train, the cells
were inoculated in 250 ml shake flasks and cultured in fed-batch mode for 14 days in a humidified
incubator. Bolus proprietary chemically defined feeds were administrated during the culture with

glucose fed daily. The glucose, glutamine and asparagine **C tracer studies were fed depending on the



early or late exponential phase focus of the study (Figure 1A). The early exponential labeling period
started with labeled basal media at inoculation time (day 0) and continued with labeled glucose feeds
(day 1) until samples were taken on day 2. Tracers were added to the basal medium. The late
exponential labeling period starts with a labeled feed on day 4 and ends when samples were taken on
day 5. Parallel cell cultures were prepared for each tracer [U-*3C] Asparagine, [U-*°C] Glutamine, and a
glucose stock containing a mixture of [U-**C] Glucose and [1,2-C] Glucose. For each culture with its
corresponding tracer modified in the media or feeds, sampling was performed over a brief time interval

to confirm that the system reached a quasi-steady-state (Crown, Long, & Antoniewicz, 2016).
3.2 Determination of specific consumption and production rates

The Bioprofile Flex analyzer, Bioprofile CDV and BP400 (Nova Biomedical, Waltham MA) were
used to measure glucose, lactate, ammonia and cell number. Ultra-performance liquid chromatography
(UPLC) with an AccQeTag Ultra C18 column was used to collect amino acid concentration data based
upon absorption at 260nm. Antibody titer was determined by high performance chromatography (HPLC)
using POROS 20um ProteinA ID cartridge on an Agilent HPLC column with samples detected at 280 nm
absorbance.

Specific extracellular consumption and production rates of metabolites were obtained by
calculating the derivatives of the cumulative concentration profiles using a central difference method

and dividing by the average cell density:

_dc
U= % a

Where: q.is the specific consumption rate of C [mmol/cell/time], C is the cumulative concentration
[mmol] and X the average cell density [cell/mL]. The specific production rate of biomass was calculated
using a 3-parameter nonlinear equation for purposes of smoothing. Tabulated values for the fluxes

calculated, normalized to the glucose input flux in low glutamine condition, are included in Table S1.



3.3 Quenching, extraction, and derivatization of intracellular metabolites

Extraction and processing of Gas Chromatography Mass Spectrometry (GCMS) samples were
adapted from Ahn et al. (Ahn & Antoniewicz, 2012; Ahn, Crown, & Antoniewicz, 2016) and for Liquid
Chromatography Mass Spectrometry (LCMS) were adapted from Lu et al. (Lu, Bennett, & Rabinowitz,
2008). Samples of cells were taken 48 hours after addition of the tracers for the early exponential phase
and after 24 hours for the late exponential phase. Approximately ten million cells were collected from

the cell culture and cold quenched.

3.4 GCMS and LCMS analysis

GCMS analysis was performed on a Shimadzu GCMS-QP2010 with a Rtx-5MS (30m x 0.25um x
0.25mm i.d.) capillary column. The injection temperature was 200°C for metabolites, samples were run
on splitless mode, and pressure was held at 65.2kPa. The column flow was 1.00mL/min and the ion
source temperature was 200°C.

LCMS analysis was conducted on Acuity I-Class UPLC (Waters, Milford, MA) coupled to a Q-
Exactive™ HF mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Cellular metabolites
were separated on a SeQuant ZIC-pHILIC column (2.1x 100mm, 5um) (EMD Millipore, Billerica, MA). The
column temperature was set at 25°C and the flow rate was 0.15mL/min. A 25-minute gradient was used
for metabolites separation. Metabolites were detected in negative mode full scan analysis with

resolution at 120,000.

3.5 Enrichment calculation of GCMS and LCMS data

GCMS and LCMS chromatograms were analyzed and integrated for intracellular metabolites using
MATLAB. Integrated peaks for the m+0, m+1, etc. isotopologues were converted into fractions of the
total integration. Data was corrected for natural abundance using INCA (Young, 2014). Enrichments
were determined using a weighted average of the m+1, m+2...m+n isotopologues to determine the

percentage of *C in the measured pool as follows:
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Where n is the number of **C in a compound, N is the total number of carbons in a compound, and

M, is the percentage of the compound with n *C. This results in a weighted average of all the possible
isotopologues. Standard errors for enrichments were less than 1% except for lactate and malate

measurements of 3C-glucose experiments, which were less than 2%.

3.6 MFA analysis and network model of CHO metabolism

13C-Metabolic flux analysis (**C -MFA) was performed using INCA (Young, 2014). INCA applies an
elementary metabolite unit (EMU) to estimate fluxes and minimize residuals (Antoniewicz, Kelleher, &
Stephanopoulos, 2007; Young, Walther, Antoniewicz, Yoo, & Stephanopoulos, 2008). GCMS data was
used to calculate network fluxes under a steady state assumption. Standard error tabulated from the
GCMS data were applied in INCA. A network of CHO carbon metabolism was adapted from previous
studies (Nargund, Qiu, & Goudar, 2015) as seen in Table S2. The equation for the CHO biomass and
antibody was created using a combination of in-house analysis and distributions previously reported
(Sheikh, Forster, & Nielsen, 2005; Zupke, Sinskey, & Stephanopoulos, 1995). Fluxes and tolerances were
calculated based on a 95% confidence interval of the compiled data.
4. Results and Discussion

To characterize the metabolic role of glucose, glutamine, and asparagine, *C-MFA was
performed on an industrially relevant CHO cell line during the early (day O to day 2) and late exponential
(day 4 to day 5) growth phases of a fed-batch process. The incorporation of isotopically labeled carbon
from these amino acids and glucose into the intracellular metabolites of central carbon metabolism and
pathways related to nucleotides, glutathione, and NAG was analyzed. Two different glutamine levels

were fed to a recombinant CHO cell line in a collection of shake flask fed-batch cultures. The “low



glutamine” condition had 2 mM of glutamine in the basal medium but lacked glutamine in the feeds
while the “glutamine supplemented” condition included 4 mM of glutamine added to the basal medium
and each of the fed-batch feeds (Figure 1A).

4.1. Glutamine supplementation upregulates glycolysis in the early exponential phase but does not

prevent slowdown of glycolysis when transitioning into late exponential phase

Cell culture profiles of viable cell density, titer, and ammonia for the low glutamine and
glutamine supplemented conditions are shown in Figure 1B. Growth rates and nutrients extracellular
rates were determined throughout the fed-batch process and used in our subsequent MFA analysis
(Table S2). Regardless of glutamine supplementation, the cell growth rates were relatively similar, with
an early exponential growth rate of approximately 0.05h* (day 2) and a late exponential growth rate of

approximately 0.016h (day 5) for both conditions.

Glutamine supplementation increased the average peak viable cell density and ammonia levels
of the culture (p<0.05) but did not alter the final titer significantly (p>0.05) (Figure 1B). For comparison
purposes, the glucose uptake in the low glutamine condition during the early exponential phase was
normalized on a molar basis to 100 unit/cell-day, and other fluxes are reported relative to this value
(Table S1, Figure 2). For the glutamine supplemented condition in the early exponential phase,
normalized glucose consumption increased to 112 unit/cell-day while lactate production increased to 73
unit/cell-day compared to 58 unit/cell-day in the low glutamine condition. Increases in lactate and
ammonia (Figure 1B) were also accompanied by increases in alanine, suggesting a more active overflow

metabolism with higher glucose consumption under the glutamine supplemented condition.

During the late exponential phase (day 5), glucose consumption rate decreased to 30 unit/cell-
day in both conditions (Table S1, Figure 4). The 70% decline in glucose utilization coincided with the

metabolism switching to lactate uptake for both the low glutamine and glutamine supplemented



conditions. Lactate consumption also differed for the two different conditions, with a lactate
consumption of 4.8 unit/cell-day for the low glutamine condition and 6.7 unit/cell-day in the glutamine
supplemented condition. Increases in consumption and production rates correlated with slightly
increased peak cell density and enhanced ammonia production in the glutamine supplemented
condition (Figure 1B). The abundance of nitrogen likely drives CHO cells to convert more pyruvate to
alanine as a sink for the intracellular nitrogen (Table S1), which has been observed previously (Chen &
Harcum, 2005; McAtee Pereira, Walther, Hollenbach, & Young, 2018; Ozturk, Riley, & Palsson, 1992;
Schneider et al., 1996). The metabolism of glutamine and alanine are connected by the glutamine-
pyruvate transaminase reaction, in which glutamine is metabolized to alpha-ketoglutarate and the
amine group produced is transferred to pyruvate, generating alanine. Through these transaminase
reactions, such as that facilitated by glutamine-pyruvate and glutamate-aspartate transaminase, CHO
cells can eliminate some of the excess ammonia generated, and perhaps produce a more favorable cell

culture environment.

4.2 Glutamine is preferred over asparagine to support the TCA Cycle in the early exponential phase

13C-Metabolic Flux Analysis (**C-MFA) was performed using GCMS data for *C-glucose, *C-
glutamine, and *3C-asparagine incorporated into the media (Day 0) for both the low glutamine and the
glutamine supplemented conditions. Intracellular labeling data was combined with measured
extracellular flux data (Table S1) and then analyzed by the Inca MFA algorithm (Young, 2014), which
minimized residuals to generate intracellular flux maps for the low glutamine and the glutamine

supplemented conditions.

During the early exponential phase, approximately half of the glucose entering the cells was
channeled through pyruvate into the TCA cycle for both conditions (represented as percentages in

Figure 2A and 2B). Much of the remaining glucose consumed was converted into lactate and alanine,



with higher fluxes of these metabolites observed for the glutamine supplemented condition (Figure 2B).
Other key secondary metabolites that enter the TCA cycle included asparagine for both conditions and
glutamine in the supplemented case. While 55% and 47% of the glucose-derived carbon entered the TCA
cycle (calculations detailed in the Supplemental Methods SM.1) in the low glutamine and the glutamine
supplemented conditions respectively, asparagine and glutamine (for the glutamine supplemented
condition) still provided a substantial influx into the central carbon metabolism. For the low glutamine
condition, glutamine and glutamate carbon contribution to the TCA cycle was negligible while
asparagine and aspartate contributed 14% of the carbon entering the TCA relative to the contribution
via acetyl-CoA (ACA or AcCoA). This percentage is calculated from the ratio of fluxes entering the TCA
cycle, weighted by the number carbon atoms in the source molecule. A detailed description of how this
relation can be calculated is found in the Supplemental Methods SM.2. In the glutamine supplemented
condition, glutamine and glutamate provided 30% of the carbon relative to the glucose carbon
contribution, while asparagine and aspartate contributed only 5% of the carbon relative to the Acetyl-
CoA contribution. Therefore, asparagine by way of aspartate (7.9 molar unit/cell-day, Figure 3A) was the
second largest contributor of carbon to the TCA cycle for the low glutamine condition while glutamine
by way of glutamate was the second largest supplement to the TCA (13 unit/cell-day, Figure 3B) in the
glutamine supplemented condition. Furthermore, the asparagine/aspartate flux into the TCA cycle (2.8
unit/cell-day, Figure 3B) decreased in the glutamine supplemented condition relative to the low
glutamine condition. Despite, CHO cells can use both glutamine and asparagine to support the TCA
cycle along with glucose, glutamine was clearly preferred over asparagine as indicated for the glutamine

supplemented condition.

Interestingly, asparagine functions as a significant secondary resource for TCA metabolism in the
low glutamine case while aspartate notably switches between excretion and consumption for the two

conditions. For the low glutamine condition, aspartate was consumed (1.2 unit/cell-day Figure 3A),

10



while in the glutamine supplemented condition aspartate was excreted (4.0 unit/cell-day-Figure 3B).
Therefore, for the glutamine supplemented case, a significant fraction of the asparagine consumption
leading to aspartate does not ultimately feed into the TCA as some aspartate produced left the cell or
was consumed for other metabolic requirements. The excretion of aspartate for these conditions may
also benefit the cell by preventing further nitrogen generation. This aspartate excretion resulted in a net
decrease in flux into the TCA cycle from asparagine and aspartate (Figure 2). Overall, the net changes in
glutamine and asparagine fluxes into the TCA cycle in the glutamine supplemented condition (Figure 3)
together with glucose input resulted in similar TCA cycle fluxes for both conditions in the early
exponential phase. Given comparable TCA cycle fluxes, the upregulated glycolytic flux for the glutamine
supplemented condition may provide the cells with more rapid ATP production. Interestingly,
asparagine is critical in supporting growth in some cancer cells under glutamine limited conditions,
which also indicates that the flux of asparagine and aspartate, in addition glutamine and glucose, can be

a critical metabolic pathway for cell expansion across cell types (Pavlova et al., 2018).

4.3 Aspartate is the main amino acid flux into the TCA Cycle in late exponential phase

13C-MFA was also performed during the late exponential phase to generate intracellular flux
maps for the low glutamine and glutamine supplemented conditions (Figure 4A and 4B). Glucose
consumption was reduced to approximately 30% of that observed in early exponential phase (Figure 4A
and 4B). Another difference from early exponential growth was that lactate served as a secondary
carbon source for metabolism. Due to the greater production of lactate in the glutamine supplemented
condition in the early exponential phase, more lactate was available for reuptake during the late
exponential phase. Reuptake of lactate has been widely observed in previous CHO cell culture studies

(Altamirano et al., 2006; Duarte et al., 2014; Freund & Croughan, 2018).
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In addition, a higher fraction of glucose (and lactate) derived carbon entered the TCA cycle for
both low glutamine and glutamine supplemented conditions (>90%) during the late exponential phase
(Figure 4A and 4B) compared to (~50%) for the early exponential phase (Figure 3A and 3B), perhaps in
part, to the generation of fewer byproducts, including serine, alanine, and glycine. Asparagine continued
to provide supporting flux into TCA cycle metabolism. However, aspartate also become a key contributor
of flux into the TCA cycle for both low glutamine and glutamine supplemented cases (Figure 5). In
contrast, fluxes around glutamate and glutamine were minor and directed away from the TCA cycle in

both conditions (Figure 5).

Interestingly, CHO cells preferentially utilized aspartate over either asparagine and glutamine in
the late exponential phase for both conditions (Figure 5A and 5B). Asparagine fluxes were reduced by
more than a factor of three during the late exponential compared to the early exponential phase for
both conditions (Figure 5A and 5B, Figure 3), but the overall fractional contribution from asparagine and
aspartate to the TCA was higher than during the early exponential phase. Indeed, for the low glutamine
condition, aspartate and asparagine together contributed fully 40% of the carbon relative to the
glucose/lactate contribution via Acetyl-CoA. Also, in the glutamine supplemented condition, aspartate
and asparagine contributed 33% of the carbon relative to the glucose contribution. In contrast,
glutamate and glutamine drew a small amount of carbon from the TCA cycle (1.4 molar unit/cell-day) for
the low glutamine condition (Figure 5A) and a negligible amount for the glutamine supplemented

condition (Figure 5B).

4.4 Intracellular metabolite enrichment confirms that glucose is the predominant input to the TCA in

the early and late exponential phases

To further examine changes in cellular metabolism at different days and conditions, the

enrichment of select metabolites derived from the *C-glucose, **C-glutamine, and *C-asparagine
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labeling experiments was estimated for the early exponential phase (Figure 6) and the late exponential
phase (Figure 7). *C-glutamine labeling enrichment was detected in glutamate, malate, citrate, and
aspartate along with a small amount in lactate and alanine (glutamine supplemented only) during the
early exponential period (Figure 6). Further, the contribution of **C-glutamine in all these compounds
was greater in glutamine supplemented condition. *C-asparagine enrichment was noticeable in
aspartate, citrate, malate, and glutamate, with a very limited level of tracer noted in other compounds
(Figure 6). When additional glutamine was added, the *C-asparagine enrichment in citrate, malate, and
aspartate declined, indicating the preferential usage of glutamine in the TCA cycle and its intermediates

and by-products.

During the late exponential phase, **C-glucose enrichment remained predominant while the
enrichment from *C-glutamine and **C-asparagine declined for many metabolites in both conditions
(Figure 7). Lactate, pyruvate, alanine, glycine, and serine were dominated by *C-glucose enrichment
over *C-glutamine and **C-asparagine. Glucose also contributed a substantial percentage to citrate,
malate, and glutamate, but a smaller percentage of aspartate. This is consistent with the flux analysis
which indicates that unlabeled aspartate represents a principal contributor to the TCA after glucose in

the late exponential phase.

Limited amounts of **C-asparagine were detected in aspartate, citrate, glutamate, and lactate (in
the glutamine supplemented condition). Its reduction relative to the early exponential phase is likely
due to the increased uptake of aspartate in both the low glutamine and glutamine supplemented
conditions (Figure 5A and 5B). *C-glutamine noticeably labeled glutamate but principally in the
glutamine supplemented conditions. Only trace amounts of *C-glutamine were detected in citrate and

lactate. The enrichment results support the predominance of **C-glucose tracer incorporation in all the
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measured metabolites, and the major role that glucose plays in supporting the TCA cycle during both
phases, especially during the late exponential phase.

4.5 Glutamine supplementation increases intracellular enrichment of nitrogen containing molecules in
the early exponential phase

The role that glutamine and asparagine play in other metabolic pathways was also examined
using LCMS during the early exponential phase when glutamine and asparagine incorporation into other
metabolites was elevated. Significant *C-glutamine and **C-asparagine labeling of metabolites was
detected for pyrimidines, glutathione, and N-acetyl-glutamate (NAG) pathways in both low glutamine
and glutamine supplemented conditions (Figure 8). The pyrimidine synthesis pathway utilizes the initial
precursors carbamoyl phosphate and aspartate to begin synthesis of other subsequent precursors and
products (Figure 8A). Carbon enters the pyrimidine synthesis pathway through aspartate (Deepti
Mathur et al., 2017). Therefore, glutamine and asparagine must first be converted to aspartate. In
addition, the initial step of this pathway is glutamine dependent, due to the key role of glutamine as a
nitrogen provider. Although glutamine does not contribute carbon directly, perhaps its increased
availability may help to drive pathway activity in glutamine supplemented cultures by contributing some
aspartate generation in the supplemented condition (Figure 6). Noticeable **C enrichment from *°C -
asparagine and *C-glutamine was detected for N-carbamoyl-aspartate, UMP, UTP, deoxyuridine, and
dTTP, all of which showed increased enrichment from **C -glutamine for the glutamine supplemented
condition (Figure 8B). Furthermore, the production of nucleotides, critical to cell expansion, is impacted
by glutamine supplementation as shown by the enrichment of identified metabolites in the pyrimidine
pathway which is consistent with previous findings (Burleigh et al., 2011). We also observed enrichment
in nucleotide sugars including UDP-glucoronate and UDP-GIcNAc for the glutamine supplemented
cultures. This role of glutamine for production of UDP sugars has been noted previously for other
mammalian cell lines (D. Mathur et al., 2017; Taschwer et al., 2012), and UDP-GIcNAc levels can have a

significant impact on glycosylation of 1gG and other cellular glycoproteins (Fan et al., 2012; Hills, Patel,
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Boyd, & James, 2001). Enrichment from *C-asparagine exhibited some fluctuations but remained

consistent for most compounds in both conditions.

Glutathione is an antioxidant tripeptide synthesized from glycine, cysteine, and glutamate. As
glutamine was supplemented, the fraction of enriched glutathione increased three-fold (Figure 8C).
Since the enrichment from *C-asparagine slightly decreased, most of this increase came from the 3C-
glutamine. Cultures in which glutamine is elevated have been known to exhibit an increase in the levels
of glutathione (Amores-Sanchez & Medina, 1999; Hong, Rounds, Helton, Robinson, & Wilmore, 1992;
Sies, 1999). Glutathione itself has been found to be an antioxidant that controls reactive oxygen species
and inhibits apoptosis (al-Rubeai & Singh, 1998; Amores-Sanchez & Medina, 1999; Franco & Cidlowski,
2009; Sies, 1999) as well as regulating disulfide bonds in proteins (Chakravarthi & Bulleid, 2004; Chiosa,
Niculescu, Bonciocat, & Stancu, 1965; Sies, 1999). Providing glutamine to cultures may thus provide
beneficial impacts well beyond TCA cycle metabolism such as facilitating the generation of glutathione
and other metabolites that can provide resistance against apoptosis and alter the protein folding and
redox environment (Orellana et al., 2015). This may help explain, at least in part, the slight increase in

cell densities observed in the VCC measurements of the glutamine supplemented condition.

In addition, the metabolite, N-acetyl-glutamate (NAG), derived from glutamine as shown in
Figure 8D was enriched from *C-asparagine with a significant boost in enrichment following **C-
glutamine supplementation (Figure 8D). NAG serves as an activator of the initial steps of the urea cycle,
which are identical to those in pyrimidine synthesis (Anderson, 1981; Holden et al., 1999; Levenberg,
1962; Makoff & Radford, 1976) although NAG is not known to promote the pyrimidine pathway.
Increased expression of urea cycle enzymes in the CHO cells is known to result in reduced accumulation
of ammonium ions in the culture medium (Chung et al., 2003). Overall, glutathione and pyrimidine

pathway enrichment along with NAG increases under glutamine supplemented medium may provide
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supplemental benefits to cell growth and robustness beyond the direct effects of glutamine’s impact on

the TCA cycle.

5. Conclusions

13C MFA was used to examine the distribution of glucose, glutamine, and asparagine at different
points of the exponential growth phase for a low glutamine condition with glutamine in the basal
medium only compared to a condition with glutamine supplementation in the feeds in addition to the
basal medium for an industrially relevant fed-batch process. While glucose is the primary carbon source
into the TCA cycle during the exponential phase, glucose uptake rates and fluxes decrease from the early
to the late exponential phase. However, the percent contribution of carbon from glucose to the TCA
cycle increases at later times. In contrast, glutamine and asparagine are the preferred secondary carbon
sources during the early exponential growth phase. Glutamine was favored over asparagine in the
glutamine supplemented condition, while asparagine was more important for the low glutamine
condition. In addition, for the glutamine supplemented condition, lactate, alanine and ammonia fluxes
were elevated during the early exponential phase. Flux data indicates a dynamic change in the glucose
to amino acid ratio channeled into the TCA as the culture progresses from early to late exponential
phase with glutamine input into TCA cycle activity becoming negligible and asparagine uptake dropping
3-fold regardless of glutamine supplementation. Interestingly, aspartate was preferentially utilized
during the late exponential phase for both the low glutamine and glutamine supplemented cultures
perhaps due to either increased excretion during the early exponential phase or its potential preference
as a substrate for the slower-growing late exponential cells. This suggest the importance of consistent
aspartate supplementation in the late exponential phase when glutamine is being produced and

asparagine is highly consumed.
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While TCA fluxes appeared comparable for glutamine supplemented and low glutamine
conditions, enrichment data and *C MFA indicates that the glutamine supplemented condition leads to
greater lactate production in the early exponential phase, resulting in a larger lactate reservoir.
Furthermore, complementary LC analysis during the early exponential phase indicated notable
enrichment of N-Acetyl-Glucosamine, glutathione and various pyrimidines, leading to enrichment of
nucleotides and nucleotide sugars such as UDP-GIcNAc in glutamine supplemented conditions. While
glutamine supplementation is not essential for sufficient cell growth, its presence may impact cellular
energetics via TCA cycle intermediates but also potentially other pathways that may affect reactive
oxygen species and apoptosis via glutathione, and glycosylation via sugar nucleotides such as UDP -
GlcNAc and other pyrimidine pathway derivatives. Therefore, supplementing cultures with the proper
glutamine concentrations that balance the benefits of glutamine availability versus by-product

accumulation such as lactate and ammonia may ultimately be beneficial for cell cultures.
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Figure Captions

Figure 1. Cell culture profiles for CHO cells in low glutamine and glutamine supplemented conditions.
A process design schematic (A) for the addition of *3C labeled tracers (glucose, glutamine, or asparagine)
for each experiment. The glutamine supplemented condition had additional glutamine added to the
basal medium and glutamine feeds which were absent for the low glutamine condition. All other feeds
remained the same. For day 2 samples, for tracer analysis, tracers were added to the basal at day 0 and
glucose feeds at day 1. Samples were taken before feeds were added on day 2. For day 5 samples,
tracers were added to the feeds on day 4. (B) Shows normalized plots of viable cell count, antibody
titer, and ammonia concentration as a function of culture time in days over the course of the CHO fed-
batch process. Values were normalized to the maximum profile concentration. Multiple curves are
replicates, values are given for the low glutamine (green) and the glutamine supplemented (red)

conditions over the 14-day culture period.

Figure 2. Flux maps for early exponential phase.

Early exponential phase flux maps of central carbon metabolism for the low glutamine condition (A) and
glutamine supplemented condition (B). Flux values along with standard errors are normalized to glucose
uptake flux of the low glutamine condition and are given in unit/cell-day with standard errors.
Approximately half of the glucose derived carbon (orange percentages) reaches the TCA cycle. A
detailed description of this calculation is given in the Supplemental Methods. Blue values indicate
reactions which showed statistically significant differences between conditions, while black values
indicate no statistically significant differences. Glutamine supplementation drives glutamine uptake into

the TCA cycle, upregulates glycolysis and increases alanine production that acts as an ammonia sink.

Figure 3. Glutamine and asparagine metabolic flux maps during early exponential phase.

Flux maps of glutamine and asparagine metabolism for the low glutamine condition (A) and glutamine
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supplemented condition (B). Flux values are normalized to glucose uptake flux of the low glutamine
condition and are given in unit/cell-day with standard errors. When glutamine is supplemented, it is
highly consumed increasing the net flux of amino acids into the TCA cycle even though aspartate is being
excreted. More asparagine is consumed in the low glutamine condition compared to the glutamine
supplemented condition. Blue values indicate reactions which showed statistically significant differences

between the conditions, while black values indicate no significance.

Figure 4. Flux maps for late exponential phase.

Late exponential phase flux maps of central carbon metabolism for the low glutamine condition (A) and
glutamine supplemented condition (B). Flux values are normalized to glucose uptake flux of the low
glutamine case of the early exponential phase and are given in unit/cell-day with standard errors.
Glucose uptake was reduced to approximately 30% of that from the early exponential phase, indicating
overall slowed metabolism during the late exponential phase. More than 90% of the total glucose
uptake goes into the TCA (orange percentages) and glutamine supplementation may increase lactate
consumption. A detailed description of this calculation is given in the Supplemental Methods. Blue
values indicate reactions which showed statistically significant differences between the conditions, while

black values indicate no significance.

Figure 5. Glutamine and asparagine metabolism flux maps for late exponential phase.

Late exponential phase flux maps of glutamine and asparagine metabolism for the low glutamine
condition (A) and glutamine supplemented condition (B). Flux values are normalized to the glucose
uptake flux of the low glutamine case and are given in unit/cell-day with standard errors. Amino acid
utilization and net flux into the TCA are similar in both conditions. Glutamine and asparagine

supplement the TCA cycle to a lesser extent than in the early exponential phase, while more aspartate is
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fed directly into the TCA cycle. Blue values indicate reactions which showed statistically significant

differences between the conditions, while black values indicate no significance.

Figure 6. Intracellular metabolite enrichment during early exponential phase.

Enrichment in select free metabolites from **C-glucose (black), **C-glutamine (blue) and *C-asparagine
(yellow) for the early exponential phase is shown in the inset graphs. Enrichments are shown for the low
glutamine (Low) and glutamine supplemented (Sup) conditions. Lactate and alanine are mainly formed
from *C-glucose. With glutamine supplementation there is a shift of glutamine into and asparagine out

of the TCA cycle (e.g. malate).

Figure 7. Late exponential phase intracellular metabolite Enrichment.

Enrichment in select free metabolites from *C-glucose (black), **C-glutamine (blue) and **C-asparagine
(yellow) experiments for the late exponential phase is shown in the inset graphs. Enrichments are shown
for the low glutamine (Low) and glutamine supplemented (Sup) conditions. Glucose enrichment of
metabolic products is predominant. There is less glutamine and asparagine labeling compared with the
early exponential phase. Glutamine only noticeably labels glutamate. Asparagine labeling is generally
low, a result of aspartate being utilized over asparagine. There is a slight total enrichment increase in the

glutamine supplemented conditions.

Figure 8. Early exponential phase enrichment of intracellular nucleotides, nucleotide-derivatives, and

glutathione.

Reaction network for pyrimidine synthesis originating from aspartate and glutamine (A). Reversible

reactions and direction reactions are specified based on KEGG pathways. Enrichments for the early
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exponential phase are shown for the low glutamine (Low) and glutamine supplemented (Sup)
conditions. Experimental *C-glutamine (blue) and **C-asparagine (yellow) data are shown for in select
free nucleotides and nucleotide derivatives (B). Glutathione is synthesized from the amino acids
cysteine, glycine, and glutamate (C). N-Acetyl Glutamate (NAG) is synthesized from Acetyl-CoA and

glutamate from (D).
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