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Zusammenfassung

Chinese Hamster Ovary Zellen sind derzeit im Fokus der mAb-Produktion
und machen tber 70% der gesamt zugelassenen Biopharmazeutika aus. Die
bevorstehende Patentfreigabe von Blockbuster-Medikamenten 6 net den
Markt fur alternative Biosimilars. Diese Alternativen scha en Preiswettbe-
werb, daher wurde die Entwicklung von Biosimilars durch die Notwendigkeit
vorangetrieben, die Herstellungskosten zu senken.

Die Senkung der Herstellungskosten konnte durch die Optimierung der
Zelllinien oder Zellkulturmedien erreicht werden. Dabei spielt OMICS eine
wichtige Rolle, insbesondere beim Versténdnis von Zellsto wechsel. OMICS-
Technologien liefern Einblicke in die zellularen Fahigkeiten (Baupléne) zu
den tatsachlichen Aktivitaten (Metabolom/Fluxom).

Diese Arbeit nutzte die Flussanalyse, um den Metabolismus von CHO-
Zellen zu untersuchen, insbesondere unter Verwendung von Kohlensto -13
(*3C Sto ussanalyse). Die Kombination aus isotopischem nichtstationérem
13C Sto ussanalyse, kompartimentiertem Sto wechselmodell und dem
subzellularen Metabolompro | erméglicht die Quanti zierung der in vivo
mitochondrialen Shuttles sowie die Identi zierung der subzelluléaren Flisse
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(z. B. Isoenzyme). Letzteres wurde als Limitierung fur die Verbesserung der
IgG1-Produktion identi ziert.
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Abstract

Chinese hamster ovary cells is currently a prime focus in mAb production,
comprising over 70% of the total approved biologics. The coming patent ex-
piration of blockbuster drugs triggers new market competition for alternative

biosimilars. These alternatives create price competition, hence, biosimilar
development has been driven by the need to reduce the manufacturing cost.

Reducing the manufacturing cost could be achieved by the optimization
of the cell lines or cell culture media. For this purpose, OMICS plays an
important role, especially to understand cellular metabolism. OMICS tech-
nologies provide insights into the cellular capabilities (blueprint) to the
actual activities (metabolome/ uxome).

This thesis utilized ux analysis to study the metabolism of CHO cells,
especially with the use of Carbon-13 (3C Metabolic Flux Analysis). The
combination of isotopic non-stationary 13C MFA, compartmented metabolic
model, and the sub-cellular metabolome pro le allow the quanti cation of
the in vivo mitochondrial shuttles and identi cation of the sub-cellular uxes
(e.g. isoenzymes). The latter was identi ed as the bottleneck for improving
IgG1 production.
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Chapter

Introduction

1.1. History of the Chinese hamster ovary cells

More than 60 years ago, Dr. Theodore Puck ("the father of CHO cells")
received a female Chinese hamster in his laboratory at the Boston Cancer Re-
search Foundation. Accordingly, he isolated and immortalised the hamster's
ovary cells [TP58]. These immortalised cells are well-known as Chinese
Hamster Ovary cells (CHO cells). Since then, these cells have been trans-
ferred from laboratory-to-laboratory and used as the model organism of
mammalian cells (the Escherichia colof mammalian cells) [WW17].

Before the era of CHO cells,E. coliand baker yeast (Saccharomyces cere-
visiag) were used in the production of various biologics, for example, insulin
and growth hormones [Wal14]. Later in 1986, Genentech marked the rst
production of therapeutics protein with mammalian cells (the tissue plas-
minogen activator, tPA). At that time, Genentech scientist tried to produce
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tPA with E. colias the host. All in all, the productivity using E. coliwas
half of the CHO cells', the protein was not properly folded, and another
step of post-translational modi cation was required [DEM+16]. Since then,

mammalian cells have been the majority production host for therapeutic
proteins. Nowadays, production with CHO cells accounts for more than 70%
of the total approved biologics[JWHY+07]. Notably, in 2018, 57 out of the

68 mAD products approved are produced using CHO cells as host [Wal18].

1.2. Improving the cell-speci ¢ productivity (CSP)

In the coming years, most of the blockbuster biologics' patents will reach
the expiry. Thus, this opens up new opportunities and competitions as the
biosimilars enter the market. Consequently, bio-manufacturing paradigm
is currently shifting based on these three criteria: (1) speed-to-market; (2)
cost-e ciency; and (3) manufacturing exibility. Therefore, process intensi-
cation as an e ort to increase the volumetric productivity (product mass
per bioreactor volume per time unit), is a topic of interest [CWG18]. Tradi-
tionally, cells were cultivated in 7 14 days fed-batch processes to produce
the recombinant protein. This yields approximately a titer of 1 5 gL 1,
which corresponds to a volumetric productivity of 0.1 0.7 gL *d * [Kel09;
XGJC17; YMK+16]. In recent development using an intensi ed/concen-
trated fed-batch processes, the volumetric productivity could be increased
tol 2gL 'd ![XGJIC17; YMK+16]. To achieve a similar or better volu-
metric productivity using a smaller facility footprint, continuous processes
are required, for instance, the perfusion process. Furthermore, cell-speci ¢
productivity (CSP), Viable Cell Density (VCD), and the culture length are
the key parameters to achieve a success process intensi cation [CWG18].

Over the past decades, there have been many e orts to improve the CSP, for

36 1| Introduction



example, generating more e cient and stable cell-lines [HGY+13; MBHW11;
WW17]; switching to chemically-de ned media [KKK+15a; PSD+17]; and
bioprocess development [KOT+05; MKK+17], which resulted in the im-
provement of cell viability and stability during the production processes.
Consequently, a 100-fold production titer increase was recorded when com-
paring the process in the 1980s and early 2000s. The production process in
the 1980s typically lasted for seven days with no more than2  10° cellsml *
VCD; productivity slightly below 10pgcell *d * and 50mgL * product titer.
Advancing to the late 2000s, the production process can be maintained
for almost three weeks with nal VCD of 10 10 cellsml ! and product
titer of almost 5gL 1. However, the titer increase did not follow by the
CSP increase (from approximatelyl0pgcell *d * to below 40pgcell *d 1)
[DW11; KR16; LSA10; Wur04]. Hence, study of CHO cells should focus on
the CSP improvement.

Having said that, the CSP could be enhanced by two means: (1) cell line
development/cellular engineering; or (2) media optimization. In both cases,
the use of systems biology tool (-OMICS) to study the metabolism alteration
would be advantageous [KBLB13; Kit02; SSB+18]. Eventually, metabolism
study might shed a light to the new metabolic engineering target and/or
new novel ingredients for the cell culture media. Since the rst industrial
application, there have been many e orts to study and characterize CHO
cells with systems biology approaches. Table 1.1 summarized the milestones
of CHO cells studies since the rst establishment in 1957.

Table 1.1.: Some of the most important milestones in CHO studies

YEAR -omics studies Milestones Cell line

1957 Establishment of CHO cells [TP58] CHO-ori

Mitochondria isolation from CHO cells
1987 [MS87] CHO-S
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Table 1.1.: Some of the most important milestones in CHO studies (continued)

YEAR -omics studies  Milestones Cell line

Lysosome protein isolation from CHO
cells [MWS87]

First CHO metabolic model

Metabolic ux analysis to study

1999 Fluxomics g-CHO

protein metabolism [NBF+99]

Two of the very rst ¥C MFA applied
in CHO cells N.A.

2010 Fluxomics .
uxomt Study of perfusion cultures [GBB+10b]

Study of CHO's stationary phase CHO-GS
[SRM11] SF18

. CHO-K1 genome sequence was
Genomics ) CHO-K1
published [XNL+11]

2011 Transcript analysis using NGS
Transcriptomics P Y g CHO-K1
[BHR+11]

_ 13C MFA of CHO cells during growth and
Fluxomics . CHO-K1
stationary phase [AA11]

. CHO cells metabolic pro ling CHO-GS
Metabolomics
[SCM+11] LBO1
. LC-MS/MS based proteomic analysis
2012 Proteomics CHO-K1
[BTC+12]
] 13C MFA of CHO cells in fed-batch
Fluxomics o N.A.
2013 cultivation [TDRY13]

) CHO study using metabolic and kinetic
Fluxomics CRL9606
model [GHJ13]
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Table 1.1.: Some of the most important milestones in CHO studies (continued)

YEAR

-omics studies

Milestones

Cell line

2015

2016

2017

2019

Metabolomics

Fluxomics

Genomics

Fluxomics

Fluxomics

Sub-cellular metabolomics technique
enables metabolite pro ling in
mitochondria [MTPT15]

Using elementary ux modes to
characterize isolated mitochondrial
using selective pemeabilized CHO cells
[NWN+15]

First genome-scale CHO metabolic
model was reconstructed [HAH+16]
13C MFA was used to characterize

di erent industrial cell lines [TSM+17]
First compartment-specic  *C MFA

[JTW+19]

Characterize mitochondrial shuttle
activities under di erent nutrient
condition

New cellular NADPH source identi ed

Metabolic engineering target for
improving IgG productivity was
identi ed

CHO-
DP12

CHO-K1

CHOK1-SV

CHO-
DP12
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1.3. Unravelling the mechanistic and physiological function of
media additives

Animal-cell culture media development has been an attractive topic even
since before the establishment of CHO cells (e.g. Eagle media in 1955
[Eag55]). Cell culture media, which was initially comprised of animal-
derived serum (e.g. Fetal Bovine Serum; FBS or Fetal Calf Serum; FCS), was
no longer attractive due to the prone risk of contamination and process vari-
ability. Accordingly, chemically-de ned media was introduced and became
the standard industrial-practise in therapeutic protein production.

Besides the cell line development and engineering, the optimization of cell
culture media is the key to improve the CSP. One example is the optimization
of amino acids composition to minimize metabolic waste [MWHY18]. Be-
sides, the addition of di erent additives (e.g. growth factors or peptides) to
the basal and feed media has been a common industrial practice to improve
the process [BKP21; BVM+03; FTC+06]. Nonetheless, the related studies
were carried out based on laboratory screening and without a deep mechanis-
tic understanding of the impact of such compounds on cellular metabolism.
Consequently, the mechanistic functionality of these compounds remains
unknown, which could prevent the identi cation of novel compounds for
cell culture media.

To study the impact of media additives, uxomics is the suitable tool to un-
ravel the mechanistic functioning of these additives to the cellular metabolism.
The fate of these additives, when function as carbon sources, could be tracked
inside the metabolism pathway. Meanwhile, those with stimulus properties
will impact the carbon ow in the cellular metabolism. Thus, the phenotypic
changes in term of metabolic ux discrepancy should be observed (Figure
1.1).
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1.3 | Unravelling the mechanistic and physiological function of media additives

Optimizing new cell line or new media using metabolic ux analysis

Figure 1.1.:
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1.4. Metabolic compartmentalization in CHO cells metabolism

CHO cells are eukaryotic cells. Hence, it is a complex biological system,
consisting of structural organization and spatial compartmentalization. In
principle, cellular compartmentalization aims to restrict similar metabolic
activities, in which di erent environments could be established (metabolome
pool, enzyme concentration, or pH). Each organelle’'s membrane is very se-
lectively permeable and the metabolite/protein inter-compartment transport

is highly regulated and facilitated by a protein carrier [Pal04].

Spatial compartmentalization enables one enzyme type to operate in two dif-
ferent environmental conditions (isoenzyme), resulting in di erent metabolic
behaviour (see Table 1.2). To date, these inter-compartment isoenzymes
are poorly characterized for their in vivo activities. Furthermore, di er-
ent isoform of the enzymes might possess di erent cofactors speci city in
di erent compartment, serving a completely di erent metabolic purposes
[HAH+16].

In the context of CHO cells as production host, the understanding of metabolism
in di erent compartment could potentially optimize the protein production.
One example is to decipher the glucose fate inside the cells which is highly

Table 1.2.: Genome-annotated isoenzymes (cytosol-mitochondria) of Chinese
Hamster Ovary Cells in the central carbon metabolism pathway [HAH+16]

Compartment
Enzyme - -
Cytosol Mitochondria
Aspartate transaminase Gotl, Gotlll Got2
Malate dehydrogenase Mdh1, Mdhlb Mdh2
Malic enzyme Mel Me2, Me3
PEP Carboxykinase Pckl Pck2
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regulated and interconnected with energy generation. Glucose is metabo-
lized via glycolysis, producing pyruvate. In CHO cells, a portion of pyruvate
was channelled into mitochondria, while, the rest is converted into lactate
to reinstall the NAD™ required in glycolysis. In this case, mitochondrion is
the organelle responsible for generating most of the energy in the form of
ATP [PHB22]. Maximizing pyruvate channelling to mitochondria (improved
ATP production) could potentially lead to the antibody CSP improvement.

1.5. Mitochondrial shuttles

The mitochondrial membrane is selectively permeable, consisting of metabo-
lite/solute carriers. In CHO cells, the majority of these carriers are annotated
in the solute carrier family 25 (SLC25) and mitochondrial pyruvate carrier
proteins (MPC) [HAH+16]. There are approximately 51 genes belonging
to SLC25 that are annotated in the latest genome. These carriers play an
essential role for maintaining a balanced resource between cytosol and
mitochondria.

Regarding the glucose/energy metabolism, mitochondrial carrier certainly
plays an essential role, especially the Mitochondrial Pyruvate Carrier (MPC).
The overexpression of MPC in CHO cells has been reported to reduce lac-
tate secretion [BPP+20]. Therefore, the alteration of MPC improves ATP
production.

Besides its metabolite transport role, the synergy of multiple carriers also
formed a complex shuttle system, possessing a distinct metabolic function.
For example, the Malate-Aspartate Shuttle (MAS) for cytosolic NADH translo-
cation to enzyme complex | in the inner mitochondrial membrane; and
Malate-Pyruvate Shuttle (MPS) for NADPH generation [PalO4; Pal13]. MAS
is an integral part of the cellular energy metabolism since NAD' /NADH could

1.5 | Mitochondrial shuttles 43



not be transported directly through the mitochondrial membrane. MAS has
been extensively studied in mouse liver and other cell types, resulting in a
general consensus that MAS is crucial for mammalian cells [Bor20; Mac82].
The activity of MAS was hypothesized to be the critical factor in beta-cells
metabolism [SAB+00]. Very little is currently known about the existence
and activity of such shuttle systems in CHO cells. Another similar shuttle,
Citrate-Malate Shuttle (CMS), is also known to serve a similar purpose as
MAS [Pal04]. Research to date has not yet determined thein vivo activity
of these shuttles, which could be a crucial metabolic engineering target for
improving CSP.

1.6. Fluxomics

The CSPs are cellular intrinsic parameters, which could be optimized by
understanding the cellular metabolism. In this study, uxomics was applied
to study cellular metabolism since metabolic ux is the downstream and
outcome of multiple cellular regulatory mechanisms at di erent level as
depicted in Figure 1.2.

Fluxomics has been a leading -omics tool, especially in the eld of micro-
bial metabolic engineering [CNOO; DEM+03; PM85; VP94; Wie01]. The
tools has been used to assess the metabolism of a cell factory, identifying
metabolic bottleneck, and adjusting the metabolism by the means of cellu-
lar engineering. In CHO cells, this tool has recently gained an interest, in
particular to assist the process and media development activities [KBLB13].

The rst ux analysis study in CHO cells was reported back in 1999 [NBF+99].
This study focused on the understanding of protein metabolism ing-CHO
cells. That study also featured the very rst published metabolic model of
CHO cells. Subsequently, it opened further ux analysis studies on CHO
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Figure 1.2.: Complex biological systems: interactions between di erent cellular
-omics level from genome to metabolome [Kre07]

cells, from traditional metabolite-balancing based MFA to the application of
carbon tracer (**C MFA).

Even though metabolite balancing has been the fundamental characteristic
of MFA [VP94], the utilization of stable isotopic compounds (e.g. 3C, °N,
or 2H) for ux analysis has proven to signi cantly improve the ux quan-

ti cation [Wie01]. The classical MFA/FBA relies on the balancing of every
intracellular metabolites, including cofactors and electrons. Thus, it is less
suitable to be applied for unraveling the compartment-speci ¢ metabolism in
CHO cells due to the high cofactors speci city unknown. Moreover, FBA often
misinterprets the futile cycles and pathway branching. This includes the
uxes of non-calculatable and non-identi able pathway, e.g. the glycolytic-
PPP splitting [AA11; SMRO08; TDRY13]; anaplerotic reactions; and even the
mitochondrial shuttle activities [JTW+19].
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13C metabolic ux analysis is also based on the same principle as the tradi-
tional counter-part (metabolite balancing). On top of that, the application
of carbon-13 enabled the tracking of the carbon isotope fate inside the
cellular metabolism. Hence, the additional information generated from
the carbon-13 tracking surpass the use of cofactors and electron balanc-
ing. Thus, cofactors and electron balancing are not required in3C MFA,
enabling a more accurate ux estimation. The tracking of carbon-13 inside
the metabolism pathway could be performed by two means: isotopomer or
isotopologue analysis. The identi cation and measurement of metabolites
isotopomer is carried out by Nuclear Magnetic Resonance (NMR). A pre-
ferred option is the measurement of mass-isotopomer (isotopologue) with
the Mass Spectrometer (MS) devices due to the cost constraint.

Mammalian cell metabolism is generally slower than microbes. Thus, the
incorporation of carbon-13 into each metabolite requires more time to reach
the isotopic steady state. Furthermore, it is extremely challenging to main-
tain nutrient homeostasis in the in vitro culture of these cells. Thus, the
isotopic steady-state'3C MFA could not be applied in the relatively short
time frame. The labeling dynamics must be monitored and considered in
the mathematical computation. Therefore, the isotopic non-stationary 3C
MFA is the appropriate tool for characterizing the CHO cells metabolism.

1.7. Compartment-speci ¢ 13C Metabolic Flux Analysis

Flux analysis studies in CHO cells were initially performed with one-compartment
model ([NBF+99]). However, recent studies showed that metabolic model
compartmentalization must be considered when performing ux analysis
studies in CHO cells ((NWB+14; PT17]). In principle, there are two levels

of complexity: on the one hand, subcellular metabolic models should be
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used to enable properin silico predictions [NWB+14; PT17]; on the other
hand, in vivo compartment-speci ¢ metabolome data should be accessible
to allow data-driven studies [JTW+19; WUH+21].

The lack of compartment-speci city in the existing CHO cells 13C MFA studies
[AA1l; TDRY13; TSM+17] was the result of the technology challenges in sub-
cellular metabolomics [AA12], hindering the physiological understanding
of the in vivo compartment-speci ¢ metabolism, in particular the in vivo
metabolic physiology of CHO's mitochondria. To overcome the technology
shortage, Nicolae and coworkers [NWN+15] introduced systems biology
approaches (elementary node analysis) to study the isolated active CHO's
mitochondria. Such approaches, however, are unsatisfactory because it was
still uncertain whether the observation re ected the in vivo metabolism.

Subsequently, Matuszczyk and coworkers [MTPT15] developed the very rst
sub-cellular metabolomics technique, enabling access to the cytosol-free
metabolome pro le in CHO cells (Figure 1.3). This technology extends
the ux quanti cation to another level, allowing the quanti cation of the
inter-compartment isoenzymes, for example, malic enzyme and malate
dehydrogenase [JTW+19; WUH+21].

The utilization of compartment-speci ¢ carbon-13 data and the non-stationary
13C MFA allow the tools to resolve the sub-cellular metabolism even further
[WUH+21]. Besides quantifying the sub-cellular uxes and isoenzymes
activities, compartment-speci ¢ *C MFA is also expected to resolve the
mitochondrial solute carriers. Mitochondrial solute carriers are responsible
for transporting various metabolites to/from mitochondria hence dictating
the metabolic activity in both compartments.
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Figure 1.3.: Compartment-speci ¢ metabolomics developed by Matusczcyk and
coworkers (2015) [MTPT15]

1.8. Scope of thesis

This thesis contributes to the paucity of the existing **C MFA studies in CHO
cells, especially regarding the subcellular metabolism. A comprehensive in-
sight into CHO-DP12 cell metabolism is provided, including the isoenzymes,
sub-cellular, and mitochondrial shuttles' activities. Hence, this work focuses
on the application of compartment-speci ¢ metabolomics (Matusczcyk and
coworkers, 2015) to the non-stationary 3C MFA. Therefore, this thesis is
composed of a literature review (chapter 2) and 4 studies/chapters.
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In chapter 3, the compartment-speci ¢ **C MFA was applied to study the
metabolism of CHO-DP12 under di erent culture condition: nutrient in
excess,| -glutamine limited, nitrogen starvation, and autophagy. In this
study, the method was capable of estimating the uxes of the central carbon
metabolism including isoenzymes, subcellular uxes, and mitochondrial
shuttles. The metabolic phenotypes were eventually linked to the antibody
CSP, which led to the identi cation of the metabolic engineering target.

NADH and NADPH are pivotal in cellular metabolism. Balancing the cel-
lular NADH and NADPH are essential to support cellular growth, counter
oxidative stress, and synthesize recombinant protein. Following the study in
chapter 3, cellular NADH and NADPH was calculated using the metabolic
ux distribution obtained from 3C MFA. After balancing the cellular NADH
and NADPH production-consumption, an interesting yet crucial mechanism
was observed. Thuschapter 4 aimed to describe a special mechanism that
has similar objective as the transhydrogenase enzyme (the conversion of
NADH to NADPH or vice versa).

In chapter 5, the utilization of subcellular metabolomics was challenged
by the means of computational modeling. The same metabolic model was
used to estimate the metabolic uxes using: (1) whole-cell metabolome
information and (2) sub-cellular metabolome information. The estimated
uxes were analyzed and quali ed whether the subcellular metabolome
information must be used to obtain reliable ux estimation.

Eventually, the compartment-speci ¢ *3C MFA was applied in studying the
impact of cell culture media additives. In chapter 6, the metabolic impact
of supplementing 5'-methylthioadenosine (MFA) in CHO-DP12 was studied.
Flux analysis demonstrated that the cell underwent metabolic reprogram-
ming when MTA was fed to the culture. Hence, the metabolic reprogramming
led to an increase in antibody CSP.

1.8 | Scope of thesis 49






Chapter

Theoretical Background

2.1. Chinese Hamster Ovary Cells

Chinese hamster Cricetulus griseuscells are epithelial cells derived from
the ovary of a Chinese hamster in the laboratory of Dr. Theodore Puck. Since
the process was badly documented, cell-culture experts decided to name
the very rst reported cell as CHO-ori [WW17]. These days, the o spring of
CHO-ori [Puc85; TP58] are widely used in industrial scale for therapeutic
protein production. Some of the most widely used cell lines in industrial and
research settings are CHO-K1, CHO-DXB11, CHO-S, or CHO-DG44 [WW17].
CHO-DBX11 and CHO-DG44 are two cell lines with dihydrofolate reductase
(DHFR) de cient [HM90].
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2.2. Cell culture media development

2.2.1. History of cell culture media development

Scientists have been working on media development for cell culture applica-
tion even before the establishment of CHO cells [Eag55; FPS59]. The use
of animal-derived compounds in the traditional cell culture media is prone
to the risk of contamination [WL99]. Therefore, the very rst motive of
cell culture media development is to substitute the animal-derived serum
(e.g. Fetal Bovine Serum; FBS) in cell culture media. Besides, the inconsis-
tent chemical composition of the FBS often caused performance variability
and poor reproducibility [VBD+10]. Hence, FBS is no longer favourable,
especially for industrial application [But05].

Various scienti ¢ reports indicate that initially, FBS was substituted with
non-animal components, for example, hormones and latter vegetable hy-
drolysates. Nevertheless, these adjustments were still not adequate to solve
the problem of process variability. Therefore, chemically-de ned media,
consisting of amino acids, sugar and trace mineral elements, was developed
[GMG85; Ham65; HH77; HTY+92; MEO+09]. Table 2.1 summarized the
cell culture media development.

Table 2.1.: Cell culture media development timeline

Year Summary of cell culture media developed References

Eagle's media: Limited chemical de ned media with 0.5 to 2%

1955 dialyzed horse serum; 12 essential - amino acids were [Eag55]
identi ed
The use of puri ed fetuin and albumin protein to replace

1959 serum for chemically de ned media; experiment conducted [FPS59]
only by platting
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Table 2.1.: Cell culture media development timeline (continued)

Year Summary of cell culture media developed References
. Chemically de ned media (F12) was formulated; suitable only
1965 . o i [Ham65]
for plating (not liquid fermentation)
1976, L [BS79;
The utilization of hormone to replace serum
1979 HS76]

. Modi cation of F12 media, by introducing the addition of
1977 [HH77]
trace elements.

New synthetic media (GC3) was formulated. GC3 is composed

. of 1:1 mixture of F12[Ham65] and modi ed Eagle's
1985 . ) o [GMGS85]
media[Eag55] and supplemented with transferrin, insulin and

selenium.

. The development of serum-free chemical de ned media for
1992 _ . . [HTY+92]
the production of recombinant protein (hGH)

WCM5 serum-free media was tested for the production of 1gG.
1995" WCMS5 contains insulin as protein, ferric citrate to replace [KR95]
transferrin and choline chloride to replace lipid

The use of vegetarian hydrolyzed peptones for the production

of recombinant protein. Comparable quality and glycosylation
2000 o [HZQ+00]
pattern were observed. Furthermore, there were indications

that amino acids could be used to replace peptones.

The substitution of insulin with amino acids and zinc
2005 [ZRO5]
compound.

. Protein-free chemical de ned media was developed and tested
2007 ) ) [HMGO07]
for EH1 production using CHO as cell host

. Replacement of hydrolysate containing media with chemically
2009 . - . . [MEO+09]
de ned media (consisting of amino acids)

. The evaluation of dipeptides (AlaGIn and AlaTyr) towards
2010 _ . : (ITT+10]
CHO growth and recombinant protein production

. The substitution of glutamine by glutamate to prevent
2010 . ) [HCY10]
ammonium accumulation
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Table 2.1.: Cell culture media development timeline (continued)

Year Summary of cell culture media developed References

The utilization of Tyrosine- and Histidine-containing
2012" dipeptides enhance culture viability and recombinant protein [KMMD12]
production

CHO media optimization by altering the supplementation of
2014" amino acids; dipeptides and tripeptides (for low soluble amino  [KKK+15b]
acid)

" CHO cell culture media development

2.2.2. Cell culture media additives

For the past decades, there have been e orts to improve the cell-speci ¢
antibody productivity by altering the cell culture media. One of the examples
is the amino acids re-balancing [MWHY18; XKK+11]. On the other hand,
novel media ingredients were supplemented to the medium, such as growth
factors [GM76] and dipeptides [ASR98; KMMD12; ROH+88; SBP+16], to
boost the cellular performance. Nevertheless, the mechanistic and physio-
logical understanding of these compounds' role in cellular metabolism is
still very limited. For example, the study of peptide feeding on the central
carbon metabolism pathway, Nyberg and coworkers [NBF+99] concluded
that the peptide was hydrolyzed into amino acids before being metabolized
and was signi cantly assimilated into central carbon metabolism pathway.

Among the cell culture media additives, dipeptides are famous as the amino
acids' substitute. Dipeptides have been used in cell culture media as the
answer for amino acids' physio-chemicals limitation, such as stability (e.g.! -
glutamine based dipeptides) or solubility (e.g. | -tyrosine based dipeptides).
Thus, enhancing the amino acids availability in the media [ASR98; Fir98;
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Figure 2.1.: Dipeptide consumption model proposed by Sanchez-Kopper and
coworkers (2016) [SBP+16]

KMMD12]. There were various reports that the addition of dipeptides to
cell culture media could enhance the cell culture bioprocesses, especially
the recombinant antibody productivity [CB94; EP93; KMMD12]. Never-
theless, the basic understanding of dipeptide metabolism in CHO cells was
not apparent until SAnchez-Kopper and coworkers [SBP+16] propose the
dipeptide hydrolysis model when studying the dipeptide uptake kinetics in
CHO cells (Figure 2.1).

2.3. Chinese hamster ovary cell metabolic model

CHO cell metabolism can be grouped into several classes according to the
function, as depicted in Figure 2.2. These include catabolism, anabolism
and biosynthetic reactions for growth and recombinant protein. The model
consists of carbon catabolism (e.g.d-glucose andl -glutamine) to produce
ATP and NADPH required for cellular anabolism. Additionally, precursors
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required for cellular anabolism are also generated, such as Ru5P, DHAP,
AcCoA, GAP, Pyr, anda-KG. The precursors generated in the rst part are
used in the cellular anabolism to synthesize endogenous carbon storage
(presumably glycogen), nucleotides, glycerophospholipid, fatty acids and
non-essential amino acids. CHO cells are not able to synthesize all the
essential amino acids. Thus, these amino acids must be supplemented in the
growth media.

Generally, a metabolic model should comprise the uptake of all the major nu-
trients in the media (typically carbon and nitrogen sources), the release/sink
of major (by)-products, central carbon metabolism pathway and lumped
anabolic reactions of its macromolecules biosynthesis (e.g. biomass and
IgG). The metabolic model could be extended in the case of special studies
involving special compounds that directly contributes to the carbon ow. For
example, the study of dipeptide bene ts in cell culture media must include
the dipeptide cleavage model [SBP+16]. Conversely, the metabolic pathway
of compounds that exclusively alter cellular regulatory mechanism is not
necessary to be included in the metabolic model.

The selection of ux analysis technigue also dictates the size of the metabolic
model applied. For stoichiometric ux analysis (or classical MFA), a metabolic
model must represent the criteria as mentioned earlier. Furthermore, a set
of linear biochemical reactions/pathway could be lumped into one reac-
tion. When using only the stoichiometric ux analysis or constrained-based
analysis, it is almost impossible to solve the inter-compartments isoenzymes
uxes (e.g. malic enzyme). Hence, one of the isoenzymes could be assumed
inactive. In the application of **C MFA, the detail of the metabolic model
used usually depends on the labelled substrate of choice and the metabolome
data availability [Ant15; WUH+21].
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2.3.1. Metabolic compartmentalization

Eukaryotes (e.g. mammalian cells) are multi-compartment biological sys-
tems, comprising cytosol, mitochondria, nucleus, endoplasmic reticulum
(ER), peroxisome, golgi-apparatus (GA), lysosome and nucleus [MBB+18].
Metabolic compartmentalization is an important part to study eukaryotic
cells [AA12]. Several studies have reported the importance of metabolic
compartmentalization in CHO cells: (1) P zenmaier and Takors (2017)
reported an overestimation of ATP in stoichiometric MFA studies with a non-
compartmented model [PT17]; and (2) Nicolae and coworkers [NWB+14]
encountered a sparse data tting on single-compartment model when per-
forming 3C MFA and on contrary, multi-compartment model performed very
well.

When performing metabolic modelling of CHO's central carbon metabolism
pathway, at least two compartments are required: cytosol and mitochondria
[AA12; NWB+14]. Initial processing of the nutrients occurs in the cytosol
where the catabolism of sugars and amino acids took place. Subsequently,
the intermediates metabolites were transferred into mitochondria to be fully
catabolized and generated energy [MBB+18].

The other organelles, except cytosol and mitochondria, are usually not
essential for this purpose because of the very low carbon ux in the respective
organelles. Besides, often, these organelles are not the main interest of
the study. Several exceptions are, for example, the study ofde novolipid
biosynthesis pathway in CHO cells and antibody glycosylation must include
ER and GA since both processes occur in the respective organelles.
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2.3.2. Cellular catabolism

Catabolism is an essential process in a proliferating cell as it provides energy
and precursors for the anabolic processes (Table 2.2)d-glucose consuming
CHO cells require EMP (glycolysis), PPP, TCA cycle and anaplerotic reactions
in the catabolism processes.d-glucose is initially processed in glycolysis,
yielding 2 moles of NADH and 4 moles of ATP per mole ofd-glucose. Also,
several precursors required for cellular anabolism were generated, such as
DHAP, 3PG and Pyr [LV11].

A fraction of the glycolytic carbon is typically channelled to the Pentose-
Phosphate Pathway (PPP). The PPP supplies Ribose-5-phosphate (R5P),
which is a precursor for nucleotide biosynthesis. In addition, the oxidative
branch of the PPP also provides 2 moles of NADPH per mole of G6P. The
latter is an essential electron carrier for cellular anabolic processes [HV18;
LV11].

The nal product of glycolysis, pyruvate, is then processed into the Citric
Acid Cycle (CAC). CAC plays a vital role in mammalian cells' metabolism, like
CHO cells. This metabolic pathway produces reducing equivalents to fuel
the oxidative phosphorylation. One full cycle of CAC yields 1 mole FADH2, 3
moles NADH and 1 mole ATP equivalent. Besides, CAC also supplies essential
precursors for cellular anabolism, such as citrate forde novdipid biosynthesis,
a-KG and OAA for glutamate and asparate formation respectively [LV11].

The latest CHO's genome revealed that CHO cells possess the gene for
cataplerotic and anaplerotic reactions, for example, cytosolic PEP carboxyki-
nase (PEPCKk mitochondrial pyruvate carboxylase (pc), and malic enzymes
[HAH+16]. Also, previous studies on CHO's metabolism pin-pointed malic
enzyme as the dominant NADPH cellular source [AA11; TDRY13].
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Table 2.2.: Stoichiometric precursor(s) and cofactor(s) requirement for endogenous carbon storage and lipid biosynthesis [LV11]

Metabolite Precursor(s) NH;2 ATP NADPH  NADH O,
Polysaccharide
Glycogen (monomer) G6P 1
Lipid
Cholesterol 18 AcCoA 18 31 11
Phosphatidylcholine DHAP + 17.43 AcCoA 22.43 32.38 1 1.52
Phosphatidylethanolamine  DHAP + 17.43 AcCoA 22.43 32.38 1 1.52
Phosphatidylinositol DHAP + 17.43 AcCoA 22.43 32.38 1 1.52
Phosphatidylserine DHAP + 17.43 AcCoA + 3PG 1 22.43 32.38 1.52
Phosphatidylglycerol 2 DHAP +17.43 AcCoA 21.43 32.38 2 1.52
Cardiolipin 3 DHAP +34.86 AcCoA 42.86 64.76 3 3.04
Sphingomyelin 3PG + 16.72 AcCoA 1 21.72 32.19 1.76
Nucleotides
ATP R5P + 3PG 5 9 1
GTP R5P +3PG+2 C 5 10 2
CTP R5P + OAA 3 6 1
UTP R5P + OAA 2 5 1
dATP R5P +3PG+2 C 5 9 1 1
dGTP R5P +3PG +2 C 5 10 1 2
dCTP R5P + OAA 3 6 1 1
dTTP R5P + OAA+1 C 2 7 2 1
Non-essential amino acids
| -alanine Pyr 1
| -aspartate OAA 1
| -glutamate a-KG 1
Glycine 3PG 1 1
| -proline a-KG 1 1 2
| -serine 3PG 1 1

2 amino group requirement from nitrogen sources
b minus value means NADH production
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2.3.3. Anabolic requirement

The cellular anabolic requirement for the protein, lipids, RNA, DNA, car-
bohydrates synthesize, and ATP demand follows the biomass composition
proposed by Sheikh and coworkers [SFNO5] (Table 2.3). Additional to Table
2.3, a cell density of 122 pg/cell was assumed. This biomass density was
assumed to correlate with cellular volumetric density linearly.

Table 2.3.: Biomass composition and energy (ATP) requirement for growth [SFNO5]

Metabolite mmol/g py  Metabolite mmol/g pw
Amino acids Carbon storage

| -alanine 0.600 Glycogen 0.279

| -arginine 0.377 Nucleotides

| -aspartate 0.359 dAMP 0.0148

| -cysteine 0.145 dCMP 0.0099

| -glutamine 0.322 dGMP 0.0099

| -glutamate 0.386 dTMP 0.0148

Glycine 0.538 AMP 0.0330

| -histidine 0.143 CMP 0.0551

| -isoleucine 0.324 GMP 0.0624

| -leucine 0.564 UMP 0.0330

| -lysine 0.570 Lipid

| -methionine 0.138 Cholesterol 0.018

| -phenylalanine 0.219 Phosphatidylcholine 0.010

| -proline 0.313 Phosphatidylethanolamine 0.026

| -serine 0.430 Phosphatidylinositol 0.010

| -threonine 0.386 Phosphatidylserine 0.003

| -tryptophan 0.044 Phosphatidylglycerol 0.001

| -tyrosine 0.182 Diphosphatidylglycerol 0.003

| -valine 0.416 Sphingomyelin 0.008

Energy (ATP) requirement

protein synthesis & processing 29.04

RNA synthesis & processing 0.07

DNA synthesis & processing 0.07
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2.3.4. Mitochondrial carriers

Mitochondrial carriers are membrane-embedded proteins that are localized
in the inner membrane of a mitochondrion. All of these carriers, except the
Mitochondrial Pyruvate Carrier (MPC), are encoded by the SLC25 (Solute
Carrier Family 25) genes. These carriers aim to facilitate the transport
of solutes through the permeability barrier of the inner membrane of a
mitochondrion [Pal04].

The latest CHO's genome published by Xu and coworkers [XNL+11] in-
dicates that CHO cells possess these mitochondrial carriers as well as the
MPC. Table 2.4 summarized the mitochondrial carriers encoded in CHO-K1
gene. Besides, several studies [JTW+19] and the recent CHO genome-scale
metabolic model reconstruction also indicated that the putative alanine and
asparagine carriers are also the two essential carriers [HAH+16].

Table 2.4.: Mitochondrial carriers encoded in CHO gene: Mitochondrial Pyruvate
Carrier and Solute Carrier Family 25 (SLC25) and carriers based on reconstruction
of genome scale model [HAH+16]

Protein
Gene name Solute(s) * NCBI Gene ID

name

Encoded in CHO's genome

MPC1 100756279
MPC [S]: Pyruvate-H*

MPC2 100766986
SLC25A1 CiC [A]: Citrate-H" /Malate 100751442
SLC25A3 PHC [A]: Pi-H /Pi-OH" 100758020
SLC25A4 ANT1 100751779

[A]: ADP/ATP

SLC25A5 ANT2 100769087
SLC25A10 DIC [A]: Malate/Pi 100766192
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Table 2.4.: Mitochondrial carriers encoded in CHO gene: Mitochondrial Pyruvate
Carrier and Solute Carrier Family 25 (SLC25) and carriers based on reconstruction
of genome scale model (continued)

Protein
Gene name Solute(s) * NCBI Gene ID
name
SLC25A11 OoGC [A]: Oxoglutarate/Malate 100770598
SLC25A12 AGC1 100768097
[Al: Aspartate/Glutamate-H *
SLC25A13 AGC2 100766212
SLC25A15 ORC1 [A]: Ornithine/Citruline-H * 100773024
SLC25A18 GC2 [S]: Glutamate-H* OR 100756941
SLC25A22 GC1 [A]: Glutamate/OH - 100752846
SLC25A21 oDC [A]: Oxoadipate/Oxoglutarate 100756680

Putative carriers
mAla [U]: Ala
mAsn [U]: Asn

* [Al: antiporter; [S]: symporter; [U]: unknown

2.3.5. Mitochondrial shuttle systems

In the mammalian cells' metabolism, these carriers form the shuttle sys-
tems to serve di erent purposes. For example, one of the most well-known
mitochondrial shuttles is Malate-Aspartate Shuttle (MAS), that serves as
NADH shuttle into mitochondria [Mac82]. Other putative shuttles systems
are depicted in Figure 2.3.

Pyruvate-Citrate Shuttle (Figure 2.3 A), comprising of MPC, CIC (Citrate
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Figure 2.3.: Putative physiological role of mitochondrial shuttles in CHO cells: A.
Pyruvate-Citrate Shuttle (PCS); B. Pyruvate-Malate Shuttle (PMS); C. Citrate-Malate
Shuttle (CMS); D. Malate-Aspartate Shuttle (MAS); and E. Gluconeogenesis from
Pyruvate. Figures were adapted from Palmieri (2003) [Pal04]

64 2 | Theoretical Background



Carrier), DIC (Dicarboxylic acid carrier) and PiC (Phosphate/Pi Carrier),
aims to convert the excess NADH in the cytosol into NADPH via cytosolic
malate dehydrogenase and malic enzyme where malate served as the electron
carrier. Several studies have indicated that PCS must be active in Pancreatic

-cells [FSCP00; GMA+07]. Even, the PCS is assumed to be crucial in the
insulin secretion regulation. Nevertheless, there is no direct indication on
the in vivo activity of PCS in CHO cells.

The existence of Pyruvate-Malate Shuttle (Figure 2.3 B)) has been hypothe-
sized for more than two decades ago [Mac95]. MacDonald (1995) observed
an increase in the enzyme content of MPC and DIC during the glucose-
induced insulin secretion in pancreatic islets. Again, the main objective of
PMS shuttle system is to convert mitochondrial-excess NADH to cytosolic
NADPH indirectly. Again, similar to PCS, thein vivo activity has not yet been
reported so far.

The goal of PCS and PMS are to produce cytosolic NADPH from either
cytosolic or mitochondrial NADH resource. On the other hand, the Citrate-
Malate Shuttle (Figure 2.3 C) and Malate-Aspartate-Shuttle (Figure 2.3
E) aim to transport NADH from the cytosol into mitochondria indirectly.
Although both shuttle systems possess the same goal, the carriers involved
in the systems are di erent. CMS composes of MPC and CIC; while MAS
composes of OGC and AGC.

2.3.6. Metabolic network

A metabolic network model was formulated for the labelling study using 3C
glucose using the essential cellular catabolism and anabolism information
based on the latest genomics and model reconstruction [HAH+16]. Several
reactions were simpli ed to account for the metabolomics capability. For
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example, Ribulose-5-P, Ribose-5-P, and Xylulose-5-P could not be adequately
separated using our in-house chromatography methodology. Thus, P5P was
formulated to account for the three pentose-5 phosphate metabolites. The
model only comprises of 6 amino acids:| -Glutamine, | -Asparagine,| -Serine,

| -Alanine, | -Aspartate, and| -Glutamate since these amino acids are the
ones signi cantly a ecting the central carbon metabolism.

Figure 2.4.: Metabolic network model used in the **C MFA according to Junghans
and coworkers [JTW+19]
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2.4. Modelling of biological netowrk

2.4.1. Stoichiometric of a metabolic network

One of the prerequisites of metabolic modelling is the stoichiometry of the
metabolic model. The information of intracellular biochemical reactions,
intermediate metabolite compounds are included in the metabolic stoichiom-
etry. Figure 2.5 (left) displays the upper part of glycolysis. By using the
network information, stoichiometric matrix S could be formulated (Figure
2.5 (right)).

Figure 2.5.: Upper glycolysis metabolic network (left) and stoichiomatric matrix
representation of the network (right). Figure was adapted from "Systems Biology -
Properties of Reconstructed Networks" by Bernhard @ Palsson, 2008Zambridge
University Pres$Pal06]
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2.4.2. Metabolite balancing

Metabolite balancing is the foundation of all ux analysis techniques, which
was rstintroduced by Varma & Palsson (1994) [VP94]. This method heavily
relies on the stoichiometric information of the metabolic network (Figure
2.5). The basic assumption when utilizing this method is that the biological
is in (pseudo)-steady-state (Equation 2.1).

d_x =S r+ u=N v=0
dt
V=(V, Vo, ..., V) (2.1)
X = (X1, Xgy ey Vi)
where:

~ S:internal network matrix;
: membrane transport vector;
N: entire network matrix comprising of Sand ;
" r:internal ux vector,;

~ u: transport ux vector; and

~ Vi ux vector

2.4.3. Determinancy and calculability analysis

Van der Heijden and coworkers [VHH+94] proposed a calculability analysis
to determine the network determinancy and calculability. The rst step is to
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calculate the null space (kernel) of matrix N, where:
0=N K (2.2)

The number of columns in K is the network degree of freedom, which can
also be calculated using Equation 2.3.

Ngof = dim(kern(N)) = dim(v) rank(N) (2.3)

To further analyze the determinancy and calculability, network information
can be splitted into the known part and unknown part. The known part
is the information obtained from measurement (extracellular rates q) and
from 13C MFA optimizer (optimized ux parameter p).

0 1
v, h i
V:@ A' Vi = g p N = Nk Nu
VLI
0=N v
0 1 (2.4)
2.4
Vi
0= N, N, @A
V,

u
0= Ngv, + Nyv,

— 1
V= N, Ngvy

Klamt and coworkers [KSGO02] introduced a systems classi cation for network
determinancy, redundancy, and calculability based on Equation 2.4:

" Underdetermined N, < v,
" Determined N, = v,

" Redundant N, < m
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Not redundant N, = m

~ A uxis calculableif it can be uniquely computed using Equation 2.4

A uxis non-calculableif it cannot be uniquely computed using Equa-
tion 2.4

2.4.4. Intracellular ux estimation

For a determined case, the solution of intracellular ux distribution is unique
and can be calculated as described in Equation 2.5.

0 1,0 1

V:@NA @h 0 i A (2.5)
Ny q p

Meanwhile, an over-determined case will yield more than one solutions
due to the additional information available. These information (rates) are
error-prone. Thus, the intracellular ux distribution can be estimated by
minimizing the Sum of Square Residual of these information (Equation 2.6).

X *a <2
SSR= 2= G Gmi (2.6)

2.5. 3C Non-stationary metabolic ux analysis

Due to the varying *3C enrichment rate in glycolysis and the rest of the central
carbon metabolism, it is important to use the *3C Non-Stationary Metabolic
Flux Analysis to estimate the intracellular uxes [AA1l; JTW+19].
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2.5.1. Carbon atom transition network

Besides the stoichiometric metabolic model (Section 2.3.6), a carbon atom
transition model is also required to simulate the carbon labelling experiment.
A carbon atom transition model provides the information of carbon atom
fate in a biochemical reaction inside a metabolic network ((WNN15]). A
simple carbon atom transition model is illustrated in Figure 2.6.

Figure 2.6.: lllustration of carbon atom transition of biochemical reaction v (top)
and the respective labelling pro le over time (bottom). The red- lled circles indicate
the labelled carbon atom.

The carbon atom transition of biochemical reaction v (Figure 2.6) could be
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expressed as Equation 2.7.
v:A[(1,2)]+ B[(3.4)]! C[(1,2,3,4)] 2.7)

The carbon atom transition network of CHO cells were obtained from previ-
ous studies [AA11l; TDRY13] and is provided in Table 2.5.

2.5.2. Bidirectional reactions

The utilization of *3C carbon enables the quanti cation of bidirectional uxes
in a metabolic model. The term "bidirectional" was described by Wiechert and
de Graaf (1996) as biochemical reactions with a low 4 G, which is the case
for the majority of the cellular biochemical reactions [WG97]. The impact
of bidirectional reaction compared to unidirectional reaction is depicted in
Figure 2.7.

In this thesis, bidirectional uxes (reactions reversibility) were de ned
according to Schaub and coworkers [SMRO08] and Maierand coworkers
[MHRMO8] as described in Equation 2.8.

v;:A+BS C+D
! _ tt
V= ane (2.8)

nett
i Y

2.5.3. Isotopomer balancing

The mass balance principle also applies for each isotopomer in the carbon
atom transition network. In general, the mass balances of each isotopomer
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Figure 2.7.. The impact of reversibility to the labelling pro le

can be expressed as Equation 2.9 [WNN15].

V. X = Vinflux Vefflux (2 9)
! T i .
where V; denotes for intracellular metabolite concentration of i; x; is the

isotopomer fraction of i; and v\""""*, v\""""* are labelling in ux and e ux

rate of isotopomer i respectively.

To model transient carbon-13 enrichments, the isotopomers of each metabo-
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lite were balanced by Equation 2.10.

1 3
0 (3
d(G 1,
(Q ) _ § % ||vuv|k! m |k§ (L (v u)é
2.10
with ( )
8
<1,ifv;>0
0, else

where ¢, I; ,and I, denote vectors of intracellular concentrations of metabo-
lites i and isotopomer distribution vectors, containing molar ratios that
correspond to the fractional amounts of the individual isotopologues for
metabolites i and k, respectively. The isotopomer mapping matrix IMM , ,,
describes the isotopomer transition from reactantk (with n number of reac-
tants) to product m [SCNV97]. v;; equals the stoichiometric col\(le cient of
metabolite i in reaction j, whose molar rate isr;. The operator ~ denotes
element-by-element vector multiplication.

2.5.4. Dilution by endo- and exo-metabolome pool

The presence of unlabelled endo- and exo- metabolome pools could dilute
the *C enrichment. In CHO cells, the example of endo- metabolome is
the endogenous carbon storage as described by Junghans and coworkers
[JTW+19]. Whereas, the example of exogenous metabolome pool is the non-
essential amino acids and lactate. The impact of this dilution is illustrated

in Figure 2.8.
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Figure 2.8.: (a) *C dillution by exo- (left) and endo- (right) metabolome pool. (b)
The implication of the exchange uxes to 3C enrichment

The isotopomer dilution by the exogenous non-labelled source must be sim-
ulated to get a proper tting of the mass-isotopomer pro le. The isotopomer
balances of the exogenous metabolome could be formulated using Equation
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2.11.

d(lie) 1 — dG ex
d—te = Ci,ex CX( q i,exli,in q i,exli,ex) d—teli.ex
with (2.11)
|
' Qi,ex: iqin'g(

net

|
q i,ex:. q i,ex qi,ex

2.5.5. Carbon labelling simulation

Carbon labelling simulation was performed using MATLAB release 2018a
(The MathWorks, Inc., Natick, MA, USA) environment. The Ordinary Di er-

ential Equations (ODEs) generated from intra- and extracellular isotopomers
balancing were simulated using MATLAB baseddel5ssolver (Appendix A).

2.5.6. Parameter estimation

Parameter estimation was performed in the same environment as the carbon
labelling simulation (MATLAB 2018a). The metabolic and carbon atom
transition network contains 972 ODEs and 43 parameters (8 intracellular
ux and 35 reversibility constants). These parameters were estimated by
tting the simulated mass isotopomers and the measured mass isotopomer.
MATLAB 2018a basedfmincon and GlobalSearchwere applied to nd the
global minima of the Sum of Squared Residual (SSR) as de ned in Equa-
tion 2.12. Parameter estimation solver fmincon inside GlobalSearch were
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repeated at least 100 times from randomized initial guess.

i 2
. X MIDP MIDS™
min f( )= 0 (2.12)

n=1 i

2.5.7. Goodness of Fit

Pearson-Fischer chi-square test was used to assess the model goodness of t
[BJS+11] as described in Equation 2.13.

X (0 B2 MIDS™ MIDSP?
E MID{*P

2:
df=(n B (2.13)

2 2
@1 ).df

2.5.8. Parameter con dence interval

Parameter uncertainty was assessed using a non-linear algorithm [AKS06].
The method assumes that the sum of squared residual is ? distributed.
Thus, the uncertainty of parameter was determined when optimizing the
said systems with one degree of freedom ( 2 distributed).
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2.6. Metabolic and atom carbon transition model

Table 2.5.: Metabolic and atom carbon transition model used in this study

ID Reaction name Biochem. reaction and carbon atom transition

tGiIn Glutamine importer GIn_ex[(1,2,3,4,5)] => GIn[(1,2,3,4,5)]

gs Glutaminase GIn[(1,2,3,4,5)] => Glu[(1,2,3,4,5)]

tGlu Glutamate transporter Glu[(1,2,3,4,5)] = Glu_ex[(1,2,3,4,5)]

gdh Glutamate dehydrogenase akKG_m[(1,2,3,4,5)] = Glu_m[(1,2,3,4,5)]

tGlc Glucose importer Glc_ex|[(1,2,3,4,5,6)] => G6P[(1,2,3,4,5,6)]

fGlyco Carbon storage (glycogen) degra- Glyco_ex|[(1,2,3,4,5,6)] => G6P[(1,2,3,4,5,6)]
dation

pgi Phosphoglucose-isomerase G6P[(1,2,3,4,5,6)] = F6P[(1,2,3,4,5,6)]

pfk Phosphofructokinase + fructose- F6P[(1,2,3,4,5,6)] = FBP[(1,2,3,4,5,6)]
1,6-bisphosphatase

fbpa Fructose-bisphosphate aldolase FBP[(1,2,3,4,5,6)] = DHAP[(3,2,1)] + GAP[(4,5,6)]

tpi Triophosphate isomerase DHAPI[(1,2,3)] = GAP[(1,2,3)]
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6.

ID Reaction name Biochem. reaction and carbon atom transition
gapdh GAP dehydrogenase + biphos- GAP[(1,2,3)] = 3PG[(1,2,3)]
phoglycerate mutase
eno Phosphoglycerate hydratase 3PG[(1,2,3)] = PEP[(1,2,3)]
pkm Pyruvate kinase PEP[(1,2,3)] => Pyr[(1,2,3)]
Idh Lactate dehydrogenase Pyr[(1,2,3)] = Lac[(1,2,3)]
tLac Lactate transporter Lac[(1,2,3)] = Lac_ex[(1,2,3)]
G6Pdh Glucose-6-phosphate dehydroge- G6P[(1,2,3,4,5,6)] => P5P [(2,3,4,5,6)] + CO2[(1)]
nase
tktl Transketolase 1 P5P[(1,2,3,4,5)(6,7,8,9,10)] = S7P[(6,7,1,2,3,4,5)] +
GAP[(8,9,10)]
tald Transaldolase E4P[(1,2,3,4)] + P5P[(5,6,7,8,9)] = F6P[(5,6,1,2,3,4)] +
GAP[(7,8,9)]
tkt2 Transketolase 2 S7P[(1,2,3,4,5,6,7)] + GAP[(8,9,10)] = E4P[(4,5,6,7)] +
F6P[(1,2,3,8,9,10)]
tCO2 CO2 evolution CO2[(1)] => CO2_ex[(1)]
MPC Pyruvate/H" symporter Pyr[(1,2,3)] => Pyr_m[(1,2,3)]
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ID Reaction name Biochem. reaction and carbon atom transition

Cic Citrate/Malate antiporter Cit_m[(1,2,3,4,5,6)] + Mal[(7,8,9,10)] => Cit[(1,2,3,4,5,6)]
+ Mal_m][(7,8,9,10)]

DIC PO34/Malate antiporter Mal_m[(1,2,3,4)] = Mal[(1,2,3,4)]

GC Glutamate/H* symporter Glu_m[(1,2,3,4,5)] = Glu[(1,2,3,4,5)]

0oGC Malate/aKG antiporter Mal[(1,2,3,4)] + aKG_m[(5,6,7,8,9)] = Mal_m][(1,2,3,4)] +
akKGJ(5,6,7,8,9)]

AGC Aspartate/glutamate antiporter  Glu[(1,2,3,4,5)] + Asp_m[(6,7,8,9)] => Glu_m][(1,2,3,4,5)]
+ Aspl(6,7,8,9)]

mAla Putative alanine transporter Ala[(1,2,3)] = Ala_m[(1,2,3)]

mAsn Putative asparagine transporter  Asn[(1,2,3,4)] = Asn_m][(1,2,3,4)]

pdh Pyruvate dehydrogenase Pyr_m[(1,2,3)] => AcCoA_m[(2,3)] + CO2[(1)]

cs Citrate synthase OAA m[(1,2,3,4)] + AcCoA _mI(5,6)] =>
Cit_mI[(4,3,2,6,5,1)]

idh Iso-citrate dehydrogenase Cit_m[(1,2,3,4,5,6)] = aKG_mI[(1,2,3,4,5)] + CO2[(6)]

adh aKG dehydrogenase + succinyl- aKG_mJ[(1,2,3,4,5)(6,7,8,9,10)] =

CoA ligase + succinate dehydro- Mal[(2,3,4,5)(10,9,8,7)]+ CQO2[(1)(6)]

genase + fumarase
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ID Reaction name Biochem. reaction and carbon atom transition

mdh Malate dehydrogenase Mal_m[(1,2,3,4)(5,6,7,8)] = OAA_m][(1,2,3,4)(8,7,6,5)]

pepck Phosphoenolpyruvate carboxyki- OAA[(1,2,3,4)] = PEP[(1,2,3)] + CO2[(4)]
nase

me_c Cytosolic malic enzyme Mal[(1,2,3,4)] = Pyr[(1,2,3)] + CO2[(4)]

me_m Mitochondrial malic enzyme Mal_m[(1,2,3,4)] = Pyr_m[(1,2,3)] + CO2[(4)]

pc Pyruvate carboxylase Pyr_m[(1,2,3)] + CO2[(4)] = OAA_m[(1,2,3,4)]

mdh_c Cytosolic malate dehydrogenase  OAA[(1,2,3,4)(5,6,7,8)] = Mal[(1,2,3,4)(8,7,6,5)]

tSer Serine importer Ser_ex[(1,2,3)] => Ser[(1,2,3)]

phdgh Phosphoglycerate dehydrogenase 3PG[(1,2,3)] => Ser[(1,2,3)]
+ phosphoserine phosphatase

sds Serine dehydratase Ser[(1,2,3)] => Pyr[(1,2,3)]

tAla Alanine transporter Ala[(1,2,3)] = Ala_ex[(1,2,3)]

alt c Cytosolic alanine aminotrans- Pyr[(1,2,3)] + Glu[(4,5,6,7,8)] = Ala[(1,2,3)] +
ferase aKG[(4,5,6,7,8)]

alt m Mitochondrial alanine amino- Ala_m[(1,2,3)] + aKG_m|[(4,5,6,7,8)] = Pyr_m[(1,2,3)] +
transferase Glu_mI[(4,5,6,7,8)]
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Biochem. reaction and carbon atom transition

ID Reaction name

tAsp Aspartate transporter Asp_ex|[(1,2,3,4)] = Asp[(1,2,3,4)]

tAsn Asparagine importer Asn_ex[(1,2,3,4)] => Asn[(1,2,3,4)]

ast ¢ Cytosolic aspartate aminotrans- Asp[(1,2,3,4)] + aKG[(5,6,7,8,9)] = OAA[(1,2,3,4)] +
ferase Glu[(5,6,7,8,9)]

ast m Mitochondrial aspartate amino- Asp_m[(1,2,3,4)] + aKG_m|[(5,6,7,8,9)] = OAA_m[(1,2,3,4)]
transferase + Glu_m[(5,6,7,8,9)]

asns Asparaginase Asn_m[(1,2,3,4)] = Asp_m[(1,2,3,4)]

muG6P Biomass formation from G6P G6P[(1,2,3,4,5,6)] => G6P « x[(1,2,3,4,5,6)]

MuGAP Biomass formation from GAP GAP[(1,2,3)] => GAP_X_ex[(1,2,3)]

muP5P Biomass formation from P5P P5P[(1,2,3,4,5)] => P5P_X_ex[(1,2,3,4,5)]

acl Acetyl-CoA lyase Cit[(1,2,3,4,5,6)] => OAA[(6,3,2,1)] + AcCoA[(5,4)]

MUAcCoA Biomass formation from AcCoA  AcCoA[(1,2)] => AcCoA_X_ex|[(1,2)]

muSer Biomass formation from serine Ser[(1,2,3)] => Ser_X_ex[(1,2,3)]

muAla Biomass formation from alanine  Ala[(1,2,3)] => Ala_X_ex[(1,2,3)]

mMuAsp Biomass formation from aspartate Asp[(1,2,3,4)] => Asp_X_ex[(1,2,3,4)]
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ID Reaction name Biochem. reaction and carbon atom transition

MUuAsn Biomass formation from as- Asn[(1,2,3,4)] => Asn_X_ex[(1,2,3,4)]
paragine

muGlIn Biomass formation from glu- GIn[(1,2,3,4,5)] => GIn_X_ex[(1,2,3,4,5)]
tamine

muGlu Biomass formation from gluta- Glu[(1,2,3,4,5)] => Glu_X_ex[(1,2,3,4,5)]

mate







Chapter

From nutritional wealth to
autophagy: In vivo metabolic dynamics
in the cytosol, mitochondrion and

shuttles of 1IgG producing CHO cells 1

Abstract

To ful | the optimization needs of current biopharmaceutical processes the
knowledge how to improve cell speci c productivities is of outmost impor-
tance. This requires a detailed understanding of cellular metabolism on a
subcellular level inside compartments such as cytosol and mitochondrion.
Using IgG1 producing Chinese hamster ovary (CHO) cells, a pioneering

1This chapter was published as: Junghans, L., Teleki, A Wijaya, A.W., Becker, M.,
Schweikert, M., & Takors, R. (2019). From nutritional wealth to autophagy: In vivo metabolic
dynamics in the cytosol, mitochondrion and shuttles of IgG producing CHO cells.Metabolic
engineering 54, 145-159. All experimental work described herein was carried out by Lisa
Junghans and Max Becker. The analytical measurements (metabolomics and 13C pro ling)
were carried out by Lisa Junghans and Attila Teleki
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protocol for compartment-speci ¢ metabolome analysis was applied. Various
production-like growth conditions ranging from ample glucose and amino
acid supply via moderate to severe nitrogen limitation were investigated in
batch cultures. The combined application of quantitative metabolite pool
analysis, *3C tracer studies and non-stationary ux calculations revealed that
Pyr/H* symport (MPC) bore the bulk of the mitochondrial transport under
ample nutrient supply. Glutamine limitation induced the concerted adap-
tation of the bidirectional Mal/akG (OGC) and the Mal/HPO ,2* antiporter
(DIC), even installing completely reversed shuttle uxes. As a result, NADPH
and ATP formation were adjusted to cellular needs unraveling the key role
of cytosolic malic enzyme for NADPH production. Highest cell speci c IgG1
productivities were closely correlated to a strong mitochondrial malate ex-
port according to the anabolic demands. The requirement to install proper
NADPH supply for optimizing the production of monoclonal antibodies is
clearly outlined. Interestingly, it was observed that mitochondrial citric acid
cycle activity was always maintained enabling constant cytosolic adenylate
energy charges at physiological levels, even under autophagy conditions.

3.1. Introduction

The production of biopharmaceuticals such as antibodies is steadily rising
[ML17; Wal14] often using Chinese hamster ovary (CHO) cells as producers
[BRO6; EJL15; Wur04]. Currently, research activities are not only driven
by increasing market demands but also by the growing number of expir-
ing patents opening the door for cost-minimized production of biosimilars
[Gaul6; Mul12]. Product titers have increased substantially over the past
years [KR16] predominately re ecting improvements of increasing viable
cell densities in fed-batch processes. Interestingly, cell speci ¢ productivities
did not rise equally still showing typical values of 20 40 pg cell * day ! in
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industrial producers. This observation is particularly important as it mirrors
the problem that viable cell densities can be improved by smart process
engineering, whereas improvements of cell-speci ¢ productivities typically
require detailed knowledge of intracellular metabolic control mechanisms.
The need of understanding may even increase with the envisaged devel-
opment of continuous production processes [HTS+14] that demand for
optimized operating set points. It has been shown that ATP availabilities pos-
itively correlate with cell speci ¢ production rates of monoclonal antibodies
[PMT15]. However, surprisingly few is known about the in vivo interaction
of mitochondria, the key spot of respiratory ATP generation, and the cellular
metabolism located in the cytosol. Accordingly, this study focuses on the
compartment-speci ¢ analysis of metabolic uxes and shuttle transporter
activities of IgG1 producing CHO cells underin vivo conditions.

Mammalian mitochondria are membrane-bound organelles providing ATP
via oxidative reactions linked to chemiosmosis, performing crucial metabolic
conversions [DS03; KVG+08; Sch01], and are equipped with a conserved
set of 37 genes which are involved in various mitochondrial functions, in-
cluding respiratory chain, transcription and translation [GBL99; LHF8S3;
Log06; UMBB97]. They are suspected of playing a key role in apoptotic cell
death, which is triggered by the cell's energetic state [NFO3]. Accordingly,
the activity of mitochondria is tightly coupled to host cell needs. Transports
of metabolites, nucleotides, and cofactors via the inner selective mitochon-
drial membrane (IMM) are tightly controlled via a set of carrier proteins
and ion exchange channels [Pal04] nally to install proper bioenergetic
conditions and redox states [KM09; LW71; Pal13]. Individual facets of the
complex shuttle system such as the pyruvate carrier [VDG+14], respiration
[KVG+08], or particular nucleotides [INT+09] have been studied. Isolated
mitochondria [NQG15; NWN+15] or derived metabolic ux maps from
whole-cell metabolic measurements that did not experimentally distinguish
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between cellular compartments have been investigated through alternative
approaches [AAll; AA13; GBB+10a; SRM11]. However, data from compart-
ment resolved in vivo metabolomics are key to elucidate real mitochondrial
shuttle activities in mammalian cells [INT+09; MTPT15; NSH11; WNH14].

This contribution builds on recent developments in compartment-speci c
metabolome quanti cation [MTPT15], extends the approach for 13C labeling
analysis, and exploits measurements for*>C metabolic ux analysis (*3C
MFA) [MHRMO08; WWO01]. Accordingly, cytosolic/mitochondrial shuttle
activities are quanti ed in vivo investigating di erent production conditions.
As such, the study signi cantly expands current state-of-the-art technologies
by providing in vivo time-variant metabolic ux maps based on a broad
spectrum of compartment-speci c metabolite patterns.

3.2. Carbon labelling experiment

Bioreactor cultivations with CHO DP-12 cells were performed to enable the
analysis of shuttle activities under three distinct growth scenarios (Figure
3.1a): (1) exponential growth with nutrients saturation ( d-glucose and amino
acids); (II) moderate nitrogen limitation by | -glutamine depletion; and (l11)
strong nitrogen limitation without | -glutamine and | -asparagine but with
d-glucose saturation. As such, metabolic measurements mirrored the cellular
response in the feast-to-famine transition with respect to nitrogen limitation.

Therefore, isotopic tracer studies were performed with biological duplicates
(n = 2) by adding uniformly labeled [U- **C]-d-glucose to reach an extracel-
lular isotopic molar ratio of 25% [U- *2C]- and 75% [U-3C]-d-glucose on
day 2.5 (phase 1) as illustrated in Figure 3.1a. Simultaneously, parallel culti-
vations for absolute quanti cation of intracellular pools (n = 2) were supple-
mented with non-labeled [U-12C]-d-glucose to reach equal concentrations.
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Figure 3.1.: Extracellular phenotypes (a) Dynamics of d-glucose,| -glutamine, and
| -asparagine over time during the batch cultivation of CHO-DP12; (b) Input growth rate and
extracellular rates for 13C-Metabolic Flux Analysis presented as barplot. The negative rates
indicate consumption, while the positive rates indicate secretion [JTW+19]
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Figure 3.1.: Extracellular phenotypes (c) | -lactate/ d-glucose ratio in di erent cultivation
phases [JTW+19]

The cultivations were sampled twice per day (from day 1.5 to day 7), and
subcellular metabolome analyses were achieved following the di erential
analysis protocol depicted in Figure 1.3 [MTPT15]. The method separates
the cytosolic fraction from physically intact mitochondria. Furthermore,
cytosolic depletion and mitochondrial membrane integrity were quanti ed
using G6P, F6P, and cisAco as compartment-speci ¢ internal standards.

In phase |, the cells grew with a high speci c growth rate of 0.0246
0.001 h ! while substantial amounts of d-glucose, | -glutamine, and | -
asparagine were constantly consumed (Figure 3.1b). Consequently, se-
cretions of over ow-metabolism products such as | -lactate, | -alanine | -
glutamate, and | -aspartate; was observed| -lactate was mostly generated
from d-glucose, which is well known as Warburg e ect [War56]. In this
study, the | -lactate/ d-Glucose ratio was in the range of1.2 0.011 mol/mol
during the growth phase/. On the other hand, | -alanine, | -glutamate, and

| -aspartate were produced as the consequence df-glutamine catabolism.

Phase Il marked the start ofl -glutamine limitation and the cells grew with
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a reduced growth rate of 0.0202 0.0022 h 1. Therefore, the net export of
some over ow amino acids was also reduced ( -alanine, | -aspartate, and
| -glutamate). The | -lactate/ d-glucose ratio was slightly reduced compared
to the previous phase (1.05 0.06 mol/mol), indicating the increasingly
importance of d-glucose for the citric acid (TCA) cycle activity. Accordingly,
| -asparagine also became increasingly important for supporting cellular
energetics.

Afterwards, the cells entered the stationary and autophagy phase (Phase 111.1
and I11.2). Phase Ill marked the start of nitrogen starvation phase, in which
several amino acids were limited, for example, | -glutamine, | -asparagine,
and | -serine. In phase lll.1, the cells grew with a signi cantly reduced
growth rate of 0.0008 0.001 h ®. While, in phase I11.2, the cells were dying
with a death rate of 0.0012 0.001 h ®. Thel -lactate/d-Glucose ratio in this
phase kept increasing tol.1  0.05 mol/mol in phase Ill.1 and 1.49 0.056
mol/mol in phase 111.2 (Figure 3.1c). The byproduct amino acids (| -alanine,
| -aspartate,and| -glutamate) resulted from over ow metabolism previously
were consumed to cope with the nitrogen limitation.

3.3. Isotopic labeling dynamics

Glycolytic intermediates reached isotopic steady state already by 6 h (rst
sampling, Figure 3.2), revealing the expected 25% non-labeled fraction
(m+0) for all intermediates except for F16bp. During phase Il and I, all
intermediates showed either a small or large (F16bp) rise in the size of label-
ing fractions, which hints at changes in metabolic activity as a consequence
of nitrogen limitation.
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Figure 3.2.: Subcellular isotopic labeling dynamics of metabolites during di erent
cultivation phases (I 11l) . Tracer experiments were performed as biological duplicates (n =
2) by the addition of uniformly labeled [U- 13C]-d-glucose, reaching an extracellular

composition of 25% [U-12C]- and 75% [U-13C]-d-glucose. Mitochondrial (m) and cytosolic (c)
isotopologue fractions (m + x) are listed separately as required. Mean values are based on at
least two lter replicates of both [U- 13C] supplemented bioreactor cultivations. Errors were

calculated using standard deviations. [JTW+19]
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The compartment-speci ¢ labeling analysis revealed similar trends for Cit/iCit,
aKG, Suc, Fum, and Mal. Most strikingly, the expected 25% non-labeled frac-
tion (m+0), indicating a labeling steady state, was never achieved, neither
in phase | nor in phase Il. However, phase Il apparently induced the inverse
e ects by equally fueling sources of non-labeled compounds into cytosol
and mitochondria. In contrast, cytosolic Pyr pools reached a signi cantly
time-delayed labeling steady state (approximately 60 h after labeling start)
but remained in this labeling state even in phase Ill. Moreover, the labeling
dynamics of subcellular Pyr pools di ered signi cantly (Figure 3.2).

Figure 3.2 illustrates the compartment-speci c labeling courses of Ala, Glu,
and Asp. Whereas the latter showed a steady reduction in non-labeled Asp
fractions, with notable di erent kinetics in the cytosol and mitochondria. Ala
and Glu demonstrated very similar labeling trends in both compartments,
characterized by continuous labeling during phases | and Il and arrested
labeling during phase Ill. Only Glu reached the expected labeling fraction
with the labeled substrate. Additionally, labeling kinetics of mitochondrial
Asp and signi cant amounts of mitochondrial Asn (Figure 3.2) indicated the
presence of an unknown transporter system (mAsn).

3.4. Metabolic phenotypes of CHO-DP12 growing on TC-42
media

Figure 3.3 displays the intracellular ux distribution in four distinct phases
during batch cultivation of CHO-DP12.
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Figure 3.3.: Metabolic ux distribution of CHO-DP12 in various cultivation phases ‘()
Central carbon metabolism presented as metabolic ux map during exponential growth phase
(top left); | -glutamine limited phase (top right); stationary phase (bottom left); and autophagy

(bottom right). The arrows' thickness indicate the ux level. [JTW+19]
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Figure 3.3.: Metabolic ux distribution of CHO-DP12 in various cultivation phases 1 (b)

Activity of each biochemical reactions and transport processes in Phase IPhase 111.2 presented

as a heatmap. The value was normalized for each reactions and the Z-score was presented in
the heatmap.

Carbon labelling experiments were performed using uniformly labelled [U-
13C]-d-glucose in a biological duplicates culture (n = 2). The nal glucose
composition in the media was approximately 25% [U-*?C]-d-glucose and
75% [U-3C]-d-glucose after the carbon-13 exposure. The results (intracel-
lular ux distribution) were presented as four central carbon metabolic ux
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maps (Figure 3.3a) and a heatmap indicating the relative activity of each
metabolic reactions (Figure 3.3b).

Proliferating mammalian cells are characterized by highd-glucose uptake
rate: 0.11 0.0171 pmol cell * h inphaseland0.12 0.06 pmol cell 1 h !
in phase Il. These results are consistent with those of previous studies [AA11;
TDRY13]. As nitrogen became limited, d-glucose uptake andl -lactate se-
cretion rates decreased equally by approximately 25% during phase 111.1
and I11.2. Furthermore, nearly 8% (0.01 0.0014 pmol cell * h 1) of total
d-glucose was continuously in exchange with non-labelled endogenous car-
bon storage pool, presumably glycogen {Glycg. The assumption of f{Glyco
enabled a proper tting of intracellular G6P and P5P mass-isotopomer dis-
tribution (MID) prole. The fGlycowas gradually decreasing throughout the
cultivation (0.009 0.0012 and 0.007 0.001 pmol cell * h ! inphase Il and
phase IIl.1 respectively), before eventually vanished during the autophagy
(Figure 3.3a). It is hypothesized that during nitrogen starvation, CHO cell
focused its' remaining resources to survive, rather than creating intracellular
carbon storage.

In proliferating cells, cellular demand of NADPH is high since NADPH plays
a crucial role as reducing agent for cellular anabolic processes [HV18].
In CHO cells, oxidative PPP and cytosolic malic enzyme are the major
NADPH sources. In this study,**C MFA indicated that only a small frac-

tion of d-glucose entered the oxidative PPP: about 4%, resulting in about
0.0044 0.0003 pmol cell * h ! and 0.0046 0.0003 pmol cell * h ! of G6P

dehydrogenase activities in phase | and Il respectively. Furthermore, the
oxidative PPP:glycolysis split ratio increased to about 25% in phase Ill.1;
to about 0.0058 0.0004 pmol cell * h ! of G6P dehydrogenase ux before

vanished in phase Ill.2. These ndings support the previous studies that

reported a remarkably low activity of oxidative PPP [AA11l; TDRY13].
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Furthermore, this study con rmed the nding from previous studies that
malic enzyme is the primary source of NADPH in proliferating CHO cells
[AA11; TDRY13]. Interestingly, the metabolic compartmentalization assisted
13C MFA also speci ed the compartment of the malic enzyme (cytosolic malic
enzyme), which was lacked during previous studies [AA11; TDRY13]. This
study iden tied cytosolic malic enzyme as the vital NADPH source during
growth phase (0.1018 0.0112 pmol cell 1 h 1), which comprised of about
96% of the total cytosolic NADPH produced in phase I. During thel -glutamine
limitation, the activity of cytosolic malic enzyme was signi cantly reduced
to about 0.0099 0.0011 pmol cell * h 1. Hence, the role of oxidative PPP
became more essential in supplying cytosolic NADPH ( 30%). Interestingly
in phase lll, cytosolic NADPH was only produced via the oxidative PPP, and
not the cytosolic malic enzyme.

Turning to the next part of the central carbon metabolism, the TCA cy-
cle, represented by citrate synthase €9, demonstrated di erent activities
throughout the cultivation (Figure 3.3b). TCA activities were comparable in
phase | and phase Il 0.09 to 0.1 pmol cell * h 1), which is the equivalent
of about 40% of the consumedd-glucose. At the same time,| -lactate for-
mation occurred at about 0.13 pmol cell * h 1), indicating that recognized
over ow metabolism (the "Warburg e ect') reduced the incoming glycolytic
and anaplerotic uxes of the cytosolic pyruvate pool by about 29% and 33%
during phases | and 1.

Observations under the ample nutrient conditions of phase | agree well with
previous nding [SJH13], which indicated that the majority of pyruvate

is derived from glycolysis (about 69%), and the remaining from cytosolic
malic enzyme. The mitochondrial pyruvate pool fueled the TCA cycle via the
pyruvate dehydrogenase pdh) producing AcCoA and pyruvate carboxylase
(p9 producing OAA in approximately equal proportions. Notably, the latter
fraction was severely reduced with | -glutamine limitations and even inverse
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with continued | -asparagine depletion during phase 111.2. While in phase
1.1, the TCA cycle activity was reduced t00.069 0.033 pmol cell * h 1.

Another interesting observation during the extreme nitrogen starvation was
that cells initiated autophagy as a survival strategy. Autophagy was identi ed
by the de-enrichment of intracellular 3C fractions, primarily those of the TCA
cycle metabolites (Cit, a-KG, Fum, and Mal). Interestingly, the data tting
of 13C MFA could be achieved only by assuming additional two intracellular
non-labeled pools: cytosolic malate (degradation product of non-labeled
proteinogenic resources) and mitochondrial Acetyl-CoA (the degradation
product of non-labeled lipid resources). This phenomenon suggested that
intracellular non-labeled proteinogenic and lipid resources must have been
accessed, fueling the oxidation products into the TCA cycle in mitochondria.
Hence, the model predicted that the TCA cycle activity was increased about
three-fold to 0.18 0.086 pmol cell * h ! in the autophagy phase (Figure
3.3a).

The high TCA cycle activity during autophagy also suggests that ATP genera-
tion was essential for cellular survival. At this time of the cultivation, the
glycolytic activity was signi cantly reduced. Thus, the high TCA cycle activ-
ity was essential to provide more energy (ATP). Besides, we also observed
that the TCA cycle activity was in uenced by three factors: the glycolytic
carbon fuel ( 22%), intracellular lipid resources (  47%), and proteino-
genic resources ( 31%). Thus, this indicates that the cell minimized the
utilization of glycolytic carbon to fuel the TCA cycle. One hypothesis is that
aerobic glycolysis produces ATP faster. Besides, the re-oxidation of cytosolic
NADH in the complex | enzyme requires a complex shuttle system for im-
porting NADH into the mitochondrion, which would cost signi cant cellular
resources. Hence, aerobic glycolysis was preferred during autophagy.
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3.5. Mitochondrial carriers

The mitochondrial-bound carriers shuttle various metabolites across the
mitochondrial membrane. Thus, the carriers play a vital role in the cellu-
lar metabolism, ensuring the continuity of various cellular activities, for
example, the TCA cycle (ATP generation). Therefore, the main interest
of this study is to characterize the mitochondrial-bound carriers in CHO
cells (Table 2.4). Most research on the mitochondrial transporters has been
carried out (in vitro) [MS87; NWN+15]. This research contributed to the
rst in vivo quanti cation the carriers' activities, especially the pyr/H * sym-
porter (MPC), the cit/mal antiporter (CIC), the mal/phosphate dicarboxylate
transporter (DIC), the mal/ a-KG antiporter (OGC), the asp/glu antiporter
(AGC), and the glu/H* symporter (GC). Additionally, **C MFA demonstrated
that additional putative transporters are required to t the model with the
isotopologue data: putative Alanine transporter (mAla) and Asparagine
importer to mitochondria (mAsn). This assumption was also supported by
the latest genome-scale metabolic model reconstruction [HAH+16].

The activities of mitochondrial carriers and TCA cycle are depicted in Figure
3.4. As can be seen in Figure 3.4a and 3.4c, compartment-speci ¢3C MFA
reveals the highest shuttles activitiy occurred in phase I; approximately0.4
0.2 pmol cell * h ! of the total metabolites transported. Furthermore, the
amount of metabolites transported was gradually decreasing throughout the
course of cultivation (0.24 0.12t0 0.08 0.04 pmol cell 1 h ! of metabolites
in Phase Il to Phase 111.2).
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Figure 3.4.: In vivo mitochondrial shuttles and TCA cycle activities  (a) mitochondrial
shuttles and TCA cycle activity presented as metabolic ux map during exponential growth
phase (top left); | -glutamine limited phase (top right); stationary phase (bottom left); and

autophagy (bottom right); (b) mitochondrial carriers activity presented as barplot. The arrows'
thickness in (a) indicate the ux level. [JTW+19]
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Figure 3.4.: In vivo mitochondrial shuttles and TCA cycle activities (c) total absolute ux
of mitochondrial carriers; and (d) relative activities of mitochondrial carriers [JTW+19]

Under ample d-glucose and nutrients conditions (phase 1), mitochondrial
carriers served as the carbon and precursor transporters for predominantly
energy generation. Among all the mitochondrial carriers, the pyr/H ¥ sym-
porter (MPC) had the highest activity, which comprised about 35% of the
total activities (Figure 3.4d). In CHO cells, the MPC served as one of the
glycolytic carbon shuttles into the cellular powerhouse (mitochondrion).
Besides, this study also indicated that a small portion of glycolytic carbon
was shuttled using an alternative transporter, the alanine carrier (mAla),
and the alanine aminotransferases. During the exponential growth phase,
mAla contributed to the transport of about 21% of glycolytic carbon entering
mitochondrion.

On the other hand, malate transport processes exhibited the second most
active ones (15.19% in OGC; 12.06% in CIC; and 11.4% in DIC respectively)
after the pyruvate carrier, MPC (Figure 3.4d). Overall, about 0.058 pmol
cell 1 h ! of malate was net exported to cytosol in phase |, fueling carbon
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into cytosolic malic enzyme for NADPH production. Thus, the mitochondrial
shuttles also indirectly regulated the NADPH production via cytosolic malic
enzyme. If we now turn to the malate/ a-KG carrier (OGC), whenl -glutamine
was in excess, the OGC served as the carrier df-glutamine precursor (a-KG)
into the TCA cycle while at the same time, exporting malate to the cytosol
(Figure 3.4a).

Another carrier that might play a role in | -glutamine metabolism is the GC.
In this study, GC activity was fairly similar to the OGC, which comprises
14.26% of the total transport ux in Phase I. Comparing the two results (OGC

and GC), GC was functioned ad -glutamate exporter to cytosol, which was
the amino acids' catabolism byproduct (amino group receiptor). Meanwhile,
the activity of AGC , which is part of Malata-Aspartate Shuttle (MAS), was
low (2.4%) compared to other carriers during the batch cultivation.

When | -glutamine was limited, less amount of carbon entered the mito-
chondria. Thus, the total mitochondrial carriers activity was decreased by
approximately 40% compared to the glutaminolysis phase (Figure 3.4c). The
overall activity reduction indicated that | -glutamine catabolism occurred in
mitochondrion and was mediated by the mitochondrial carriers. For exam-
ple, the activity of OGC was signi cantly reduced from 0.061 0.0104 pmol

cell * h ' (15.19%) to 0.017 0.0029 pmol cell * h ! (6.8%). If we now

turn to the GC activity, there was no signi cant compared to the previous

phase.

Turning now to the experimental evidence on the MPC's activity. When
| -glutamine was limited, the MPC became a more vital carrier, comprising
of approximately 41.6% of the total transport activities. Nevertheless, the
| -glutamine limitation reduced the total carbon entering the TCA cycle.
Hence, shuttles rewiring was required to maintain the ATP supply from
mitochondria. One key adaptation was the rewiring of malate metabolism.
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Previously, malate was net exported to generate enough cytosolic malate to
fuel the cytosolic malic enzyme. Assessing the mitochondrial malate shuttles
during the | -glutamine limitation, it can be seen from Figure 3.4b that CIC
was slightly reduced, DIC was reversed, and OGC was signi cantly reduced.
Consequently, in this phase, malate was net imported 0.0285 pmol cell !
h 1), which signi cantly reduced the activity of cytosolic malic enzyme in
contrast to the previous phase.

Besides, the malate net import also indicated that one of the NADH indi-

rect shuttle systems was active (Citrate-Malate Shuttle or Malate-Aspartate
Shuttle). One possible explanation for these results may be the changes in
cellular needs (NADPH vs ATP). When nutrient was in excess, the cells were
focusing on synthesizing biomolecules for anabolism, which was NADPH
demanding. The cellular needs were shifted when the cells sensed nutrient
limitation. Hence, in this case, ATP production was preferred as a survival

strategy.

| -glutamine limitation also led to an increase in the | -asparagine catabolism
(mitochondrial asparaginase). Consequently, the activity of putative as-
paragine carrier (mAsn) increased by about 33%. Nevertheless, the*C

MFA showed that the in uence of | -asparagine catabolism to the TCA cycle
activity was negligible (< 2%).

When the culture entered nitrogen starvation phase (Phase Ill.1, stationary;
and Phase Il1.2, autophagy), the overall shuttle activities were reduced
further by approximately 42.16%. In these two phases, the majority of

transport processes were associated with glycolytic carbon import via the
MPC (62.54% in Phase I1l.1 and 56.52% in Phase 111.2). In the stationary
phase, all of the malate carriers (the CIC, OGC and DIC) were still active with
CIC as the highest one. Concomitantly, a net malate import 0f0.0204 pmol

cell * h ! was observed, similar to the previous phase. During autophagy
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(Phase 111.2), the activity of DIC was surprisingly became dominant besides
the MPC, comprising of 41.14% of the total activity. This is due to the
assumption of cytosolic malate formation due to the self-cannibalism process.
In this study, the DIC was the only independent malate transporter.

3.6. Mitochondrial shuttle systems

Mitochondrial shuttle systems are vital in proliferating and resting cells as
they provide a unique funtionality in supporting cellular metabolism. In
this study, two in vivo shuttle functions were investigated: (i) the NADPH-
production shuttles and (ii) the NADH shuttles. There are four distinct shuttle
systems that could achieve the two functionalities as depicted in Figure 3.5a:
Pyruvate-Citrate Shuttle (PCS), Pyruvate-Malate Shuttle (PMS), Citrate-
Malate Shuttle (CMS), and Malate-Asparate Shuttle (MAS). Flux estimation
based on [U-13C¢]-d-glucose and metabolic compartmentalization were used
to unravel the in vivo shuttles activity.

The compartment-speci ¢ 13C MFA revealed that only NADPH-production
shuttles: PCS and PMS, were active during exponential growth phase (phase
1) as depicted in Figure 3.5b. As described previously, the activity of oxidative
PPP was low in this phase. Thus, an alternative NADPH producing route was
needed to ful Il the cellular requirement, namely cytosolic malic enzyme.
Interestingly, in this study, two out of four shuttle systems were active: the
PCS and PMS, to provide su cient cytosolic malate for the malic enzyme.
PCS provide cytosolic malate via the reversed cytosolic malate dehydroge-
nase, using the acetyl-CoA lyase byproduct (OAA) as the precursor. Hence,
the indirect convertion of cytosolic NADH into NADPH was occurred. The
latter is known as transhydrogenase-like mechanism and will be discussed in
the next section (Section 4). In addition, the cytosolic malate was provided
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Figure 3.5.: The mitochondrial shuttle systems  (a) lllustration of NADPH production
shuttles: Pyruvate-Citrate Shuttle (PCS) and Pyruvate-Malate Shuttle (PMS); and NADH
shuttles: Citrate-Malate Shuttle (CMS) and Malate-Aspartate Shuttle (MAS) (b) In vivo activity
of di erent shuttle systems in CHO-DP12 [JTW+19]
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via malate export using the DIC. In CHO-DP12, approximately 42% of the
cytosolic malate was provided via the PCS and the rest via PMS (Figure
3.5b). Further analysis showed that the NADH shuttle systems (CMS or MAS)
were not active at all. This indicates that aerobic glycolysis was preferred
and the NADH generated in the TCA cycle was su cient in generating the
cellular ATP demand.

During the transition from exponential growth to stationary phase ( | -glutamine
limitation phase), the activity of shuttle systems changed dramatically. As
shown in Figure 3.5b, the NADPH-production shuttles were decreased. This
nding is in agreement with the previous result which indicated the reduction

of cytosolic malic enzyme activity. Furthermore, ux analysis revealed that
the activity of PCS was reduced by about 77%. Interestingly, the PMS was
not active anymore when the | -glutamine was limited. Instead, the NADH-
shuttle system, CMS, was active with an activity of about 0.03 pmolcell * h 1.
The CMS activity corresponds to about 13% of the total cytosolic NADH
production.

When nitrogen was limited, the activity of NADPH-production shuttle was
completely vanished. This result matches those observed earlier, especially
regarding the NADPH production via cytosolic malic enzyme. Moreover,
the NADH-shuttling system was still active, namely the CMS. However,
the CMS's activity was reduced from 0.03 pmolcell * h ! to about 0.024
pmol cell * h *in Phase I1l.1 and 0.002 pmolcell * h ! in Phase Ill.2.

The most interesting nding was that the well-known NADH-shuttle system,
the MSA, was not active in CHO-DP12. A possible explanation for this might
be due to how the cells metabolized! -glutamine. In | -glutamine catabolism,
the Mal/ a-KG antiporter (OGC) served as the ofa-KG mitochondrial import.
Besides, the activity of AGC was relatively low throughout the course of
cultivation, with a maximum of 0.013 pmol cell * h ! in phase Il before

106 3| CHO cells metabolism



vanished in phase II.1 and I11.2.

3.7. ldentifying metabolic engineering targets for optimizing
IgG1 production

Figure 3.6.. Comparison of cell speci ¢ IgG1 productivities vs. cytosolic malic
enzyme activities (uxes) during di erent cultivation phases (I lll) [JTW+19]

Figure 3.6 displays the positive correlation between cell-speci ¢ mab produc-
tivity and the me, identi ed as the primary source of NADPH. Maximum
cell-speci ¢ productivity was achieved under ample carbon and nutrient sup-
ply (phase 1), allowing the maximum NADPH production via PCS and PMS
(Figure 3.5b). Any reduction of nitrogen and/or carbon supply deteriorated
the mAB productivity, which unravels the apparent demand to install proper
substrate supply for achieving maximum product formation rates. Further
limitations of | -glutamine (phase Il) and | -asparagine (phase lll) altered
the mitochondrial shuttles from the full NADPH production scenario to the
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full NADH shuttle, which strongly highlights the role of | -glutamine and
| -asparagine in cellular energetics.

Figure 3.6 also suggests that @quB)/(@’mecyz)’ is the highest under limited
nitrogen supply re ecting low undersaturated conditions (phase Il). Ap-
parently, non-metabolic regulation regimes gain importance the better the
metabolic precursor, ATP and NADPH supply are. Consequently, research
studies should focus on additional impact factors such as protein folding,
translocation and secretion once su cient metabolic precursor supply is
ensured.

3.8. Conclusion

The experimental and analytical approach allowed a time-resolved compart-
ment-speci ¢ study of metabolism and shuttle dynamics of CHO cells. Subcel-
lular investigations revealed cellular survival strategies to adapt the cellular
metabolism to severely changing nitrogen and carbon availability. Under am-
ple d-glucose and amino acid supply| -lactate secretion was maximal, as well
as activities of the citrate-pyruvate (MPC, DIC, CIC) and malate-aspartate
shuttles (OGC, AGC). As a consequence, a well-balanced cytosolic NADH,
NADPH, and AcCoA supply, coinciding with high mitochondrial TCA activity,
was established. Because most shuttling activities are concentration driven,
said activities decreased with limited | -glutamine. However, adaptations
were coordinated tightly, as indicated by the interplay between OGC and DIC
to ensure a proper supply of malate, also comprising inverted DIC shuttling.
Even when the cellular autophagy program was initiated, mitochondrial
ATP levels persisted, and Mal exchange and Pyr import into mitochondria
continued which assigns key roles of mitochondrial/cytosolic interaction to
these metabolites.
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In terms of metabolic engineering the ndings disclose novel strain engi-
neering perspectives putting proper| -glutamine supply in the focus: the
switch from mitochondrial malate net-export to malate net-import coincided
with diminishing | -glutamine supply and reduced NADPH formation and,
maybe most important, with a severe reduction of cell speci ¢ IgG1 produc-
tivities. Given that | -glutamine auxotrophic cells (this study) and cell lines
with active glutamine synthase are alternatively used as production hosts,
proper | -glutamine supply becomes an optimization goal. This question is
further intertwined with product formation kinetics which may show growth
coupled or non-growth coupled properties thereby requiring more or less
NADPH for growth. In this study, net malate export from mitochondria to
the cytosaol, re ecting proper | -glutamine supply, was essential to achieve
highest cell speci ¢ productivities. Additionally, su cient respiratory ATP
formation should be installed to ensure high cell specic productivities.
As a result, | -glutamine supply, NADPH and ATP availability and growth
capacities are tightly coupled and a ect the product formation kinetics. Ad-
ditionally, the results show that total productivity control shifts to metabolic
engineering targets "downstream' of precursor supply the better the substrate
availability is. Given that current production cells are typically optimized
with respect to protein processing the question occurs whether such strains
need revisiting of central metabolism to fully exploit the inherent potential.
Consequently, detailed systems metabolic engineering studies are needed to
enable model-based cell engineering.
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Chapter

A transhydrogenaseelike mechanism

in CHO cells comprising concerted
cytosolic reaction and mitochondrial
shuttling activities.

Abstract

The proper supply and regeneration of reduction equivalents such as NADH
and NADPH is of pivotal importance for living cells. Although both, NADH
and NADPH, are electron carriers, they serve for di erent, complementing
needs and require well balanced exchange. In Chinese hamster ovary (CHO)
cells, the proton translocator "Nicotinamide Nucleotide Transhydrogenase'
(NNT) was annotated recently, but no in vivo operational evidence was given,
yet. Here, we present another transhydrogenase-like mechanism building

1This chapter was published as:Wijaya, A.W. & Takors, R. (2021). A
transhydrogenase-like mechanism in CHO cells comprising concerted cytosolic reaction and
mitochondrial shuttling activities. Biochemical Engineering Journatl70, 107986
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on the adaptive interplay of cytosolic malate dehydrogenase (mdh,;) and
cytosolic malic enzyme (me,;) with the mitochondrial shuttles citrate carrier

(CIC), dicarboxylate carrier (DIC), and mitochondrial pyruvate carrier (MPC).
The system is highly exible using malate and pyruvate as intermediary
electron carriers and quickly adapts to current needs. Indications for the
existence of the mechanism are found in di erent monoclonal antibody
producing CHO cell lines and under growing and stationary conditions.

4.1. Introduction

The proper supply and regeneration of reducing equivalents such as NADH
and NADPH is pivotal for living cells. Under aerobic conditions, oxidation
of NADH is the dominant source of free Gibbs energy. 220 kJ/molgpy are
provided oxidizing NADH to create the thermodynamic driving force for
anabolism. Basically, the latter is stored in ATP. On contrary, NADPH serves as
an electron donor in anabolic reduction steps. Hence, NADH and NADPH are
crucial pyridine nucleotide electron carriers in cellular metabolism, serving
completely di erent; but complementary needs [HV18].

In mammalian cells, such as CHO cells, the primary NADH sources are found
in cytosolic glycolysis and the mitochondrial citric acid cycle. Regeneration
of NAD* from NADH predominantly occurs via two mechanisms: the cy-
tosolic reduction of pyruvate to lactate via the lactate dehydrogenase (dh)
and the fueling of NADH electrons into the electron transport chain of the
inner mitochondrial membrane-bound oxidative phosphorylation. Besides,
NADPH is oxidized in multiple biosynthetic steps, including the formation of
recombinant proteins. The proper supply of NADPH in IgG1 producing cells
has been identi ed as a key metabolic engineering target for optimizing,
e.g., monoclonal antibodies production [JTW+19]. Anabolic reactions are
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predominately located outside the mitochondria.

Proliferating cells tend to maintain low NADH/NAD * ratios to ensure high
glycolytic uxes [SPIP74; ZWZ+16]. Conversely, NADPH/NADP™ ratio re-
mains relatively high to provide su cient electrons for biosynthetic pathways
[PDZ07; VEK69]. Mammalian cells may maintain preferred NADH/NAD*
ratios by controlling the Idh activity. By analogy, cytosolic NADPH/NADP
ratios could be regulated by netuning activities of the cytosolic, NADP™* de-
pendent enzymes Glucose-6-phosphate dehydrogenase, 6-phosphogluconate
dehydrogenase, and malic enzyme [AA11; FYK+14; JTW+19; LSF+16].

The proper installation of NADH/NAD * and NADPH/NADP" ratios is cru-
cial for achieving metabolic homeostasis [LV11]. Whereas the measures
mentioned above focus on individual NADH/NAD* and NADPH/NADP*
ratios, pro- and eukaryotic cells may use an additional tool: the so-called
transhydrogenase enzyme. In essence, cytosolic and membrane-bound enzy-
matic activities often catalyze the reaction from NADH + NADP* to NAD* +
NADPH and vice versa, respectively. Recently, Nesci and coworkers [NTP20]
reported the enzyme structure of mitochondrial nicotinamide nucleotide
transhydrogenase (NNT) in mammalian cells. Moreover, a similar proton-
translocator encoding cytosolic NNT was annotated in the CHO genome
[HAH+16]. However, experimental in vivo evidences of NNT operations in
cytosol and mitochondrion are missing, still.

The examples have in common that redox reaction pairs are located in a
single compartment. However, eukaryotes o er the possibility to perform
oxidation/reduction reactions involving several reaction steps, even cross-
ing membrane barriers, as depicted in Figure 4.1. One example may be
the so-called pyruvate-citrate shuttle (PCS) comprising the mitochondrial
pyruvate carrier (MPC) and the citrate/malate antiporter (CIC). PCS was
anticipated to convert NADH into NADPH, utilizing malate as an electron
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carrier during insulin production [Pal04]. Figure 4.1 elucidates that said
system might be extended to a trans-compartment transhydrogenase-like
function by integrating the pyruvate-malate shuttle (PMS). However, further
experimental evidence is missing, still.

Figure 4.1.: Primary sources and sinks of NAD(H) and NADP(H) in CHO cells' central carbon
metabolism. Orange (Pyruvate-Malate Shuttle): Mitochondrial electrons from oxaloacetate
(OAA) and NADH are transferred to cytosolic NADPH via cytosolic malic enzyme (mey,). Blue
(Pyruvate-Citrate Shuttle): Cytosolic electrons from OAA and NADH are charged on malate via
cytosolic malate dehydrogenase (mdhy,) and translocated to cytosolic NADPH via cytosolic
malic enzyme (me,;). Consequently, orange Pyruvate-Malate-Shuttle provides
trans-compartment transhydrogenase activity. The blue Pyruvate-Citrate- Shuttle provides
cytosolic transhydrogenase activity. [WT21]

Here, we give evidence to another multi-compartment, transhydrogenase-
like mechanism building on the adaptive interplay of cytosolic malate dehy-
drogenase (ndh,), cytosolic malic enzyme (me), and the intermediate
electron carriers malate and pyruvate. Whereas pyruvate is always imported
into mitochondrion, malate will be shown to be im- or exported depending
on the cytosolic needs. Noteworthy, the existence was con rmed under in
vivo conditions. Conclusions were based on intracellular ux distributions al-
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ready provided in Junghans and coworkers [JTW+19] and in Verhagen and
coworkers [VWT+20]. Said independent studies focused on the two CHO
cell lines DP12 and BIBH1 under similar cultivation conditions, supporting
the existence of the transhydrogenase-like mechanism in CHO.

4.2. Results

Results base on already published data of Junghans and coworkers [JTW+19]
and Verhagen and coworkers [VWT+20] which were reconsidered for
further evaluation (see Table 4.1 for complete intracellular ux distribu-
tion). Notably, Junghans and coworkers performed compartment-speci ¢
metabolomics and **C MFA, which allowed to elucidate mitochondrial shut-
tle activities in vivo via data-driven metabolic ux analysis. The pioneering
data are compared with the results of Verhagen and coworkers, who studied
the impact of | -Prolyl-I -Tyrosine (PY) addition on the metabolism of CHO
BIBH1. PY ampli ed the cell-speci ¢ glucose uptake rate in the BIBH1 cell
line while maintaining the lactate secretion rate. Thus, more carbon was
fueled into mitochondria nally yielding di erent citric acid cycle activi-
ties. BIBHL1 is an industry based IgG1-producer which demonstrated higher
glucose uptake rates and IgG1 cell speci ¢ productivity compared to the
CHO-DP12 cell line. Accordingly, the two independent data sets re ect simi-
lar cultivation conditions but di erent glycolytic and mitochondrial activities

in CHO cells. In this sense, they serve as independent measurements chal-
lenging the hypothesis that the interplay of selected mitochondrial shuttle
activities provides transhydrogenase-like mechanisms in CHO.
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4.2.1. CHO cells' transhydrogenase-like mechanism

One of the central ndings of Junghans and coworkers [JTW+19] was the
identi cation of the cytosolic malic enzyme (me ;) as the primary source of
cytosolic NADPH. Notably, related NADPH formation was 12.5-fold higher
than NADPH production via the oxidative pentose phosphate pathway (PPP)
in exponentially growing cells. The observation con rmed former hypothesis
of Ahn & Antoniewicz [AA11] and Templeton and coworkers [TDRY13],
who anticipated that Glucose-6-phosphate dehydrogenase is not the only
and dominating source of NADPH.

Recently, the use of deuterated glucose tracers disclosed the conversion of
serine to glycine inside mitochondria by methylene tetrahydrofolate dehy-
drogenase (MTHFD2/MTHFD2L) as an important mitochondrial source of
NADPH [LPF+14]. Further evidences for transhydrogenase-like mechanisms
were not found although recent ndings indicated the existence of active
mitochondrial nicotinamide nucleotide transhydrogenase (NNT) [NTP20].

As a further step of data evaluation, we now wondered which electron
donors are used to fuel cytosolic NADPH formation via the me,,. We com-
pared ux patterns of CHO-DP12 and BIBH1 being aware of the di erent
modelling approaches for ux map identi cation but still wondering about
the occurrence of common ux schemes. Interestingly, we found indica-
tions for common transhydrogenase-like activities as shown in Figure 4.2.
Reevaluating the measured uxes, we identi ed the NADH + NADP * !
NAD" + NADPH regeneration scheme depicted in Figure 4.2. Fluxes varied
within the observed range as depicted in Figure 4.2d. Interesting enough,
we observed transhydrogenase-like activity without requiring any distinct
transhydrogenase gene such as the annotated NNT.
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Figure 4.2.: Transhydrogenase-like mechanism in CHO cells (highlighted with reddish
background) : (a) observed in growth phase of CHO-DP12; (b) observed in stationary phase of
CHO-DP12. Flux estimates (in pmol celi* h!) were derived from experimental duplicates.

[wT21]
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Figure 4.2.: Transhydrogenase-like mechanism in CHO cells (highlighted with reddish
background) : (c) observed in growth phase of CHO BIBH1; and (d) observed ux ranges
derived from di erent data sets still supporting the transhydrogenase-like mechanism in two
di erent CHO cell lines (CHO-DP12 and BIBH1). Flux estimates (in pmol cell't h'l) were
derived from experimental duplicates. [WT21]
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The two enzymatic protagonists of the transhydrogenase-like mechanism in
CHO cells are themdh,; and the me.,;. In brief, mdh,; catalyzes electron
donation by oxidizing NADH to provide the electrons for the reduction of
NADP" in me,. The scenario in Figure 4.2a investigating CHO DP12 cells un-
ravels that the majority of NADPH is provided by said mechanism identifying
0.0433 pmolyappi cell * h * via me,and only 0.0044 pmolyappr cell *h *
via the oxidative PPP. The intermediate electron carrier of cytosolic NADPH
formation is malate. Malate was already identi ed as a key shuttling metabo-
lite during the exponential growth of CHO tightly linking mitochondrial and
cytosolic activities via the Malate/Aspartate shuttle [JTW+19]. As indicated
in Figure 4.2a, pyruvate and malate enter the mitochondrion, the rst via the
mitochondrial pyruvate carrier (MPC) and the second via net interaction of
the exporting dicarboxylate shuttle (DIC) and the importing citrate/malate
antiporter (CIC). Note that DIC's direction may shift serving as mitochondrial
malate exporter in Figure 4.2a and as malate importer in Figure 4.2c. This
underlines the exibility of the DIC shuttle emphasizing the dual function
of malate: Malate export from mitochondrion supports NADPH demands
under growth conditions whereas malate import into mitochondrion nally
fuels the citric acid cycle. CIC and MPC always function in the same direc-
tion importing malate and pyruvate into mitochondrion. Once taken up,
both metabolites enter the citric acid cycle, are oxidized to produce NADH
which is nally respired to gain ATP. Although malate is net exported into
cytosol in Figure 4.2a and net imported into mitochondrion in Figure 4.2c,
predominant cytosolic NADPH formation still happens via me;. Malate and
pyruvate serve as intermediate electron carriers in both cases, net importing
electrons into mitochondrion predominately via pyruvate using MPC.

Revisiting the study of Verhagen and coworkers [VWT+20], a similar
transhydrogenase-mechanism observed in CHO-DP12 gets obvious. Now, the
interplay of mdhcyt with me ; consumed NADPH which has been produced
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in the PPP. Consequently, malate could be net imported into mitochon-
drion. CIC mediated malate import outcompeted DIC export. Apparently,
the nutrient limiting conditions of scenario in Figure 4.2c did not require
extraordinary amounts of NADPH for anabolic demands. Instead, there was
a higher need for ATP which was ful lled by oxidizing NADH generated
from citric acid cycle activity.

Summarizing, each of the scenarios in Figure 4.2 gives evidence for the
existence of a two-compartments transhydrogenase-like mechanism. The
interplay comprises cytosolicmdh,,;; me, the trans-compartment electron
carriers: pyruvate and malate; and the mitochondrial citric acid cycle pro-
ducing NADH. Reaction and shuttle activities adapt to the current needs of
NADPH and NADH which are showcased by the ux maps in Figure 4.2.
Interesting enough, the common scheme occurs in di erent cell lines and
under di erent growth conditions covering wide ranges of ux distributions
(Figure 4.2d). Notably, the wide range of the most ux distribution indicated

in Figure 4.2d was mainly due to the di erent experimental setups (biore-
actor vs shaking ask), cell lines, conditions, and metabolic states. As an
example, high variability of citric acid cycle activities was caused by the PY
boost in BIBH1 cell line compared to the reference state of DP12 cell line.

4.2.2. Transhydrogenase-like activity in CHO cells

Figure 4.3 summarizes compartment-speci ¢ production and consumption of

NADH and NADPH for the ux scenarios depicted in Figure 4.2. To be precise:
the NADPH producing uxes via the oxidative pentose phosphate pathway,
cytosolic malic enzyme (me;), and the transhydrogenase-like mechanism
are balanced with estimated cellular anabolic demands. Cytosolic and mi-
tochondrial NADH formation and consumption are balanced by analogy
considering respiration as gap lling sink. During exponential growth, me .,
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Figure 4.3.: Production (upper part) and consumption (lower part) of NADPH and NADH
assigned to cytosol and mitochondrion and calculated for di erent cells: CHO-DP12 (left:
growing; right: stationary) and CHO-BIBH1 (middle: growing). Di erent origins and sinks for
NADH and NADPH are color encoded as listed in the legend. The dashed red line indicates the
electron ows in the transhydrogenase-like mechanism. Fluxes are calculated from
independent 13C studies already published as indicated in the text. [WT21]

uxes of CHO-DP12 were approximately 0.1 pmolqae cell 1 h 1. 43% of
the produced NADPH originated from the interaction with mdh ., i.e., from
cytosolic NADH. Considering the entire NADPH formation, including the
oxidative pentose phosphate pathway, about 41% of total cytosolic NADPH
was derived from cytosolic NADH. In the case of BIBH1, the trend was even
more pronounced unravelling almost all of the NADPH was supplied from
“transhydrogenase-based' activity. As already outlined in Figure 4.2b, no
NADPH was formed via me,; under severe nutrient limitation. The related
support to NADH formation via reversed me,,; accounted for less than 1%
of total NADH (value too small for indication in Figure 4.3).
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4.3. Concluding remarks

Transhydrogenase activity is often found in pro- and eukaryotic cells to
quickly react on changing needs of NADH and NADPH. Genome annotation
already anticipates the existence of a said enzyme called NNT in CHO.
However, independent 13C ux studies clearly pinpoint to the existence
of an additional transhydrogenase-like mechanism comprising the tight
interaction of MDH ; and ME; together with the mitochondrial pyruvate
carrier (MPC) and malate-dicarboxylate carrier (DIC). The malate carrier
(DIC) has shown its high exibility to adapt to changing needs by even
inverting shuttle directions. Accordingly, one may fairly anticipate that the
said transhydrogenase mechanism serves as a quick, tactical measure of CHO
cells to adapt NADPH needs. It remains somewhat open whether and how
NNT further supports electron equilibration for the reduction equivalents.
Based on our estimations, NNT is likely to support NADPH formation only.
Nevertheless, the question deserves further research activities as proper
NADPH may be crucial for maximizing the therapeutic proteins' anabolic
formation.
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4.4. Supplementary Material

Table 4.1.: Summary of metabolic uxes in di erent scenarios

ID Reaction

Fluxes (pmol/cell/h)

Scenario a Scenario b Scenario ¢

AGC Glu + Asp_m =>Glu_m + Asp

CIC Cit_m + Mal =>Cit + Mal_m
DIC Mal_m = Mal
GC Glu_m =Glu

MPC Pyr =>Pyr_m

OGC Mal + aKG_m = Mal_m + aKG

acl Cit =>0OAA + AcCoA

adh aKG_m=Fum_m+ CO2_m

alt c Pyr + Glu = Ala + aKG

alt_ m Ala_m + aKG_m = Pyr_m + Glu_m
asns_m Asn_m=Asp_m

ast_c Asp + aKG = OAA + Glu

0.00965031 0.26986861 7.44E-05
0.04850983 0.00515419 0.02385687
0.04585948 -0.3333595 0.00800755
0.05058626 0.24281449 0.0021063
0.13891239 0.34389077 0.08763999
-0.0611179 0.0000000  0.00446713
0.04850983 0.00515419 0.02385687
0.06177246 0.62792404 0.03877627
0.05885351 0.0200000  -0.008
0.03590917 0.0000000 -0.0111928
0.01172453 0.02247954 0.00279884
-0.0022644 -0.2908103 -0.0035329
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Fluxes (pmol/cell/h)

° Scenario a Scenario b Scenario ¢
ast m  Asp_m+akKG_m=0AA m+Glu_m 0.00207422 0.26986861 0.00272441
csyn AcCoA + OAA =>Cit 0.09010035 0.57154173 0.06913213
pgi G6P = F6P 0.11154558 0.18489949 0.08637453
pfk F6P = FbP 0.11143443 0.18503698 0.08847596
fbpa FbP = GAP + DHAP 0.11143443 0.18503698 0.08847596
tpi DHAP = GAP 0.11143443 0.18489427 0.08847596
gapdh  GAP =3PG 0.22042218 0.37 0.17682671
eno 3PG = PEP 0.21959151 0.37 0.17544465
pkm PEP =>Pyr 0.2225045  0.37 0.17652354
gdh aKG_m = Glu_m -0.0029526  -0.1357664 -0.0105003
gs GIn =>Glu 0.05076881 0.03469011 4.89E-06
idh Cit m=aKG_m+ CO2_m 0.04159052 0.56638755 0.04527526
Idh Pyr = Lac 0.1344024  0.15636 0.09634277
mAla Ala = Ala_m 0.03590917 0.0000000 -0.0111928
mAsn Asn = Asn_m 0.01172453 0.02247954 0.00279884
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Fluxes (pmol/cell/h)

ID Reaction

Scenario a Scenario b Scenario ¢
mdh Mal_m = OAA_m 0.00330492 0.84141034 0.06057692
mdh_c  OAA = Mal 0.04333246 0.29596448 0.01924511
me_c Mal = Pyr + CO2 0.1018 0.04367589 -0.0010713
me_m Mal_m=Pyr m+CO2_m 0 0.12502738 -0.0014842
pc Pyr_m = OAA_m 0.08472121 0.0000000  0.0058308
pdh Pyr_m =>AcCoA_m 0.09010035 0.46891815 0.06913213
pepck  OAA = PEP + CO2 0.00291299 0.0000000  0.00107889
G6Pdh  G6P =>P5P + CO2 0.0044 8.82E-04 0.00582504







Chapter

Compartmentespecific metabolome
labeling enables the identification
of subcellular fluxes that may serve
as promising metabolic engineering
targets in CHO cells 1!

Abstract

13C labeling data are used to calculate quantitative intracellular ux pat-
terns re ecting in vivo conditions. Given that approaches for compartment-
speci ¢ metabolomics exist, the bene ts they o er compared to conven-
tional non-compartmented *3C ux studies remain to be determined. Using
compartment-speci ¢ labeling information of IgG1-producing Chinese ham-

1This chapter was published as:Wijaya, A.W., Ulmer, A., Hundorsfer, L., Verhagen, N.,
Teleki, A., & Takors, R. (2021). Compartment-speci ¢ metabolome labeling enables the
identi cation of subcellular uxes that may serve as promising metabolic engineering targets
in CHO cells. Bioprocess and Biosystems Engineeridg (12), 2467-2578
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ster ovary cells, this study investigated di erences of ux patterns exploiting
and ignoring metabolic labeling data of cytosol and mitochondria. Although
cellular analysis provided good estimates for the majority of intracellular
uxes, half of the mitochondrial transporters, and NADH and ATP balances,
severe di erences were found for some reactions. Accurate ux estimations
of almost all isoenzymes heavily depended on the sub-cellular labelling in-
formation. Furthermore, key discrepancies were found for the mitochondrial
carriers Vager (@spartate/glutamate antiporter), vp,c (malate/H * symporter),
and v (a-ketoglutarate/malate antiporter). Special emphasis is given to
the ux of cytosolic malic enzyme ( v,,¢): it could not be estimated without
the compartment-speci ¢ malate labelling information. Interesting enough,
cytosolic malic enzyme is an important metabolic engineering target for
improving cell-speci ¢ IgG1 productivity. Hence, compartment-speci ¢ 13C
labeling analysis serves as prerequisite for related metabolic engineering
studies.

5.1. Introduction

13C metabolic ux analysis (}*C MFA) is a key tool for quantitative analysis
in systems metabolic engineering. First, applications dealt with prokaryotic
cells [Wie01] but the technique was also applied for eukaryotes, such as
yeast [FW05; WDR+05], fungi [ZKR+08], mammalian [AA11], temple-
ton2013peak, junghans2019nutritional, and plant [ASOO07] cells. Among
others, prokaryotes and eukaryotes di er in cellular compartmentalization,
which is particularly important when using 3C MFA. In eukaryotes, compart-
mentalization is essential since each cellular compartment ful Is di erent
functions [AA12]. Even multi-compartment isozymes exist that serve dif-
ferent purposes. For example, Chinese hamster ovary (CHO) cells comprise
cytosolic and mitochondrial malic enzymes (MEs) with di erent NAD * and
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NADP" regeneration capacities, thereby ful lling diverse catabolic and an-
abolic needs [JTW+19].

Metabolic compartmentalization must be considered when performing 3C
MFA [AA12]. There are two levels of complexity; on the one hand, sub-
cellular metabolic models should be used to enable properin silico predic-
tions. On the other hand, in vivo compartment-speci ¢ metabolome data
should be available to allow data-driven studies. Nicolae and coworkers
[NWB+14] and P zenmaier & Takors [PT17] provided evidence for the
importance of subcellular stoichiometric models for estimating uxes in CHO
cells. Regarding the latter, Matuszczyk and coworkers [MTPT15] applied
compartment-speci ¢ metabolomics in CHO outlining that cytosolic ATP
pools are considerably larger than their mitochondrial counterparts. Later,
Junghans and coworkers [JTW+19] continued investigating mitochondrial
and cytosolic metabolic patterns under di erent cultivation conditions. They
found that pool sizes di ered between cytosol and mitochondria for all
conditions.

Given that subcellular metabolomics are very laborious [MTPT15], jung-
hans2019nutritional, the question arises what di erences may occur if 13C
ux analysis is based on whole-cell metabolomics instead of compartment-
speci ¢ measurements. In other words, whether the additional lab-e orts
justify the information gain of subcellular studies. Alternative approaches
such as superimposing the patterns of two independent'3C experiments
using labelled glucose and labeled glutamine also aim to decipher subcel-
lular ux distributions [AA13]. However, they rely on glutamine synthase
de cient cells whereas the suggested subcellular metabolomics approach
may be universally applicable.

Given that labeling dynamics in metabolite pools expressed by the®*C
labelling turn-over ( ;5¢) are a key information for quantifying uxes, in u-
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encing factors may be considered. Two factors, pool size of metabolite and
net labelling ux j through this pool [BAB+15], exist. Either factor may
change when a system's analysis shifts from simplifying single to realistic
multi-compartment analysis. Di erences in ;3¢ may occur originating from
individual pool sizes and uxes inside the compartments. In theory, the
same metabolite in di erent compartment might present a di erent labeling
dynamic providing that the metabolite turn-over time is di erent. Thus,
resulting on a di erent labeling dynamics ( 13¢).

Exploiting the unique subcellular labelling dataset of Junghans and cowork-
ers [JTW+19], this study investigated whether subcellular labelling infor-
mation is crucial to obtain the correct compartment-speci ¢ ux patterns.
Flux distributions considering and ignoring subcellular metabolite labelling
were performed using CHO as the showcase (metabolic model is displayed
in Figure 5.1). This study investigated whether signi cant di erences exist
using whole-cell and compartment-speci ¢ metabolic information.
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Figure 5.1.: Classi cation of enzymatic reaction used in the analysis. [Black arrow]:
biochemical reactions belong to single compartment; [Red arrow]: biochemical reactions
belong to multiple-compartment; [Blue arrow]: Intercompartment connector. Single
compartment metabolites were labelled with black and multi-compartment metabolites were
labelled with red. [WUH+21]
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5.2. Result

Prior to the **C MFA studies, a metabolic network model was formulated
(see Table 2.5). First the structural identi ability and calculability of the
network was assessed applying well established methodologies (see Section
5.5.1). Next, the identi ability of distinct uxes was checked by simulating
intracellular 3C labeling patterns assuming pool sizes measured by Junghans
and coworkers [JTW+19]. Results presented in the appendix (Section 5.5.5)
indicate the good identi ability of intracellular uxes which motivated us to
continue the study by analyzing real labeling patterns and ux distributions.

In a study by Junghans and coworkers, CHO-DP12 cells were cultivated in
a bioreactor to investigate three distinct growth scenarios; (I) exponential
growth with no (carbon and nitrogen) limitation; (II) moderate growth
with | -glutamine depletion and | -asparagine saturation; and (l1) stationary
phase with severe nitrogen limitation. However, the current study regarding
the impact of subcellular 3C data only covers the exponential growth phase
during the rst 24 h. This period is typically investigated in vitro because
labeling and cultivation conditions can be controlled easily, giving accurate
results regarding ux distributions and cell-speci ¢ productivity [AA11;
TDRY13]. The summary of all estimated intracellular uxes is provided in
Section 5.5.6

5.2.1. Cell growth and carbon labeling studies

During the exponential growth phase, cells grew with 0.02524 0.0009 h 1.
Carbon and nitrogen sources were constantly consumed, and metabolic
byproducts were steadily released with constant speci c rates. d-glucose
was consumed as a major carbon source whilé -glutamine and | -asparagine
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served as primary nitrogen sources. Additionally, the Warburg e ect was ob-
served [War56], showing a glucose-to-lactate ratio of 0.93 Moly_gicose/MOI | _jactate-
13C carbon labelling was introduced by the addition of 75% [U-3C]-d-glucose
after 2.5 days, revealing no phenotypic changes, i.e., no alterations of cellular
metabolism.

5.2.2. 13C metabolic ux analysis using compartment-speci ¢ metabolome
data

13C MFA was performed using compartment-speci ¢ metabolome data re ect-
ing subcellular pools of cytosol and mitochondria together with isotopomer

pro les of the said compartments. Flux estimations were performed at least
100 times with randomized input values and rational boundary values for

each parameter. Finally, the 2 tests achieved 228.87, which served the
statistical constraint of 232.92 on a 95% signi cance level.

5.2.2.1. Glycolysis and PPP

High glycolytic (0.112 0.0171 pmol cell * h ! of hexokinase) and extremely
low PPP uxes (0.008 0.001 pmol cell * h ! of G6P dehydrogenase) were
found. The latter accounted for 6.68% of the d-glucose consumed. These
observations are in agreement with the ndings of Ahn and Antoniewicz
[AA11], who performed 3C MFA in adherent CHO-K1 cells. Additionally,
approximately 15% (0.016 0.002 pmol cell * h 1) of intracellular G6P was
continuously in exchange with endogenous glycogen.
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5.2.2.2. In vivo mitochondrial shuttle

Glycolytic carbon fueled into mitochondria via two transport mechanisms;
77% entered via the mitochondrial pyruvate carrier (MPC1/2) and 23% via
a putative | -alanine transporter. MPC1/2 showed the highest mitochondrial
transport activities while other transporters exchanged compounds for dif-
ferent purposes; (i) mitochondrial citrate carrier (citrate/malate antiporter;
0.049 0.002 pmol cell * h 1) served as a citrate exporter to provide cytoso-
lic acetyl-CoA for the de novolipid biosynthesis pathway; (ii) the malate-
aspartate shuttle comprising 2-oxoglutarate carrier (a-ketoglutarate/malate
antiporter) and aspartate-glutamate carrier (aspartate/glutamate antiporter),
which is often described as an indirect NADH shuttle because imported
malate is oxidized to oxaloacetate, releasing NADH, ful lled a di erent
function; malate was net exported from mitochondria to fuel ME ;.

5.2.2.3. Cytosolic malic enzyme and NADPH production

NADPH is a key electron donator for anabolic pathways and is essential for
monoclonal antibody biosynthesis. Templeton and coworkers [AA11] and
Ahn & Antoniewicz [TDRY13] suggested MEs as key NADPH producers in
CHO cells. This hypothesis was further con rmed via compartment-speci ¢
ux analysis [JTW+19]. Cytosolic ME (ME ) was identi ed as the primary
provider serving NADPH needs. Compartment-speci ¢:*C MFA estimated
that about 86% of the NADPH requirement was ful lled by ME ., (0.09 0.01
pmol cell 1 h 1).
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5.2.3. 13C Metabolic ux analysis using non-compartmented metabolome
data

An additional 3C MFA was performed to investigate the importance of dis-
tinct sub-cellular information to elucidate proper in vivo subcellular ux
patterns. Non-compartmented analysis considered that no subcellular mea-
surements were available. Instead, only entire cell labeling patterns should
exist. Consequently, compartment-speci c information was merged again,
applying Equation 5.1.

MIDE™ = MIDSY' f + MID™ (1 ) (5.1)

Where f denotes the molar fraction of metabolite i in the cytosol. During
simulations, f was treated as an optimization parameter for those metabolites
presented in both compartments: pyruvate, citrate, -ketoglutarate, malate,
alanine, aspartate, asparagine, and glutamine. Accordinglyf serves as an
alternate indicator for the importance of considering compartments properly.
Furthermore, ux estimation was achieved by tting the measured non-
compartment metabolome data with calculated MID using Equation 5.2.

X MIDsemb  MIDE*P ?
min f( )= ' ' (5.2)

This study was performed using the same model consisting of 42 intracellular
biochemical reactions (Figure 5.1). Analyzing the merged data via'*C MFA
yielded a 2 value of 140.127 on the 95% con dence level, which was
accepted as a good t (with 154.30 as the 2 statistical threshold on 95%
con dence interval). Figure 5.2 provides the comparison of intracellular
ux distributions estimated with (left) and without (right) sub-cellular
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Figure 5.2.: 13C MFA study with and without compartment-speci ¢ metabolome data . Intracellular ux distribution estimated
using compartment-speci ¢ (left) and non-compartmented data (right) [WUH+21]
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information. The related single-compartment key uxes and iso-enzymatic
rates are depicted as bar plots in Figure 5.3a and 5.3b. Notably, the term
‘iso enzymes' encodes uxes connecting the same substrates and products
but localized in di erent compartments.

5.2.3.1. Biochemical reactions localized in a single compartment

Figure 5.3a and 5.3b (left) shows uxes of biochemical reactions that exist
in one compartment (cytosol or mitochondria) only. Most of them revealed
similar results irrespective of whether compartment-speci ¢ information
was used (black) or not (grey). Figure 5.3a demonstrates the case the
metabolome pools and the respective uxes were the same for both studies,
yielding a similar ;5¢. This is also true for citrate synthasev,, although
identi ability was poor. Similar results were observed for cytosolic-based
reactions: pyruvate carboxylase {/,c) and PEP carboxykinase {,epcd (Figure
5.3b). These single-compartment reactions possessed the particularity of
utilizing the same metabolites but in di erent compartments. In this partic-
ular case, no statistically sound di erence between vj,c and VyepcWas found,
most likely because compartment-speci ¢ OAA values lacked.

5.2.3.2. Iso-enzymatic reactions localized in di erent compartments

Special emphasis is laid on the so-called iso-enzymatic reactions of Figure
5.3b (right), which catalyze similar conversions in di erent compartments.
The uxes of malate dehydrogenase (Vyqn), ME (Vy,e), aspartate amino-
transferases (,s), and alanine amino-transferases {/;) are localized in
cytosol and mitochondria, respectively. Of the eight isoenzymes analyzed,
almost all of the conversion rates were signi cantly di erent. The only ex-
ception is the mitochondrial malate dehydrogenase §/mgn mit) Which revealed
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statistical similarity although uxes even reversed. On contrary, the cytoso-
lic malate dehydrogenase {/qn ¢, also disclosed ux reversion but with a
sound statistical identi ability.

Non-compartmented data were not able to properly re ect real uxes of the
amino-transferases, namely alanine amino-transferases\;) and aspartate
amino transferases {,s). The analysis of whole-cell data caused an overesti-
mation of the ux magnitude compared to compartment-speci ¢ analysis.
Notably, the substrate aspartate occurred in cytosol and mitochondria and is
a key player of the aspartate-malate shuttle. Moreover, alanine was involved
in the co-transport of glycolytic carbon into mitochondria with the MPC1/2.
In this case, proper localization and labeling information of the compound
is key to estimate uxes correctly.

Additionally, severe bias was observed for uxes of both malic enzymes
(Vme) as displayed in Figure 5.3b (right). By trend, *C ux estimations
using non-compartmented data identi ed signi cantly lower (about 30%)
Cytosolic Ve ¢yt than the non-compartmented data. Regarding mitochondria,
the opposite was found. The nding for v,,, using non-compartmented
data is consistent with the observations of Ahn & Antoniewicz [AA11] and
Templeton and coworkers [TDRY13] who also performed *C MFA with
cellular data. Importantly, cytosolic ME activity via Vpe s Was identi ed as a
key supplier for NADPH needed for IgG production in CHO cells [JTW+19].

5.2.3.3. Mitochondrial metabolite carriers

Comparing shuttle activities using sub-cellular and cellular labeling infor-
mation reveals signi cant di erences for half of the inter-compartment

transporters, namely the aspartate/glutamate antiporter (Vagcy), malate
carrier (vpc), a-ketoglutarate/malate antiporter ( vogo, and the putative
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Figure 5.3.: 13C MFA study with and without compartment-speci ¢ metabolome data
(@) uxes of biochemical reactions involving single-compartment metabolites; (b) uxes of
biochemical reactions involving multi-compartment metabolites; and (c) mitochondrial carrier
uxes estimated with compartment-speci ¢ and non-compartmented data (* indicates
5.2 | Result signi cance p < 0.05) [WUH+21] 139
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