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Abstract The Gram-positive soil bacterium Corynebacterium glutamicum is a
leading workhorse for the biotechnology industry. Worldwide, engineered strains
of the microbe synthetize approximately 6 million tons of the amino acids L-
glutamate and L-lysine. In addition to these well-known traditional fermentation
products, the portfolio of C. glutamicum has impressively expanded over the past
years and meanwhile comprises more than 70 natural and non-natural chemicals,
materials, fuels, and health-care products. A major challenge to create superior
strains for industrial production has always been and still is the design part, i.e. the
identification of the most appropriate targets for genomic optimization into a desired
phenotype. Metabolic flux analysis is about deciphering the activity of biochemical
reactions and pathways of central carbon metabolism. It probably provides the most
understandable insight into the core machinery of a living cell. This core part of
metabolism displays the controlling centrepiece for synthetizing all the different
molecules of recognized industrial value. One can therefore easily understand that
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metabolic flux analysis had a huge impact on the industrial career of C. glutamicum
since its pioneering days in the 1950s, when the microbe was discovered. Initial
approaches used simple isotopic tracer studies and mathematical balancing of
fermentation data to assess metabolic fluxes in C. glutamicum for the first time.
These techniques have been systematically upgraded into comprehensive technolo-
gies and enabled a number of seminal studies of fluxes in C. glutamicum, which
provided fascinating and unexpected insights into its lifestyle and laid the foundation
for metabolically engineered strains, used today in industry. Today, C. glutamicum
probably displays the best studied microorganism on the level of metabolic fluxes.
New developments promise an even brighter future.

1 Introduction

Corynebacterium glutamicum, discovered about 70 years ago, is a leading cell
factory of the bio-industry. Traditionally, it has been employed as a producer of
amino acids. The genetic alteration of metabolic control in the microbe generated
multiple candidates for the over-production of a remarkable amino acid spectrum
(Ikeda 2003; Becker and Wittmann 2012, 2015; Wendisch 2017). Today, the two
major industrial products obtained by C. glutamicum are L-glutamate and L-lysine
with an annual global market of approximately 9—10 billion dollar (Becker et al.
2018b; Eggeling and Bott 2015). In addition, strains of C. glutamicum were genet-
ically modified to produce a variety of organic acids (Rohles et al. 2018; Inui et al.
2004b; Becker et al. 2015, 2018a; Tsuge et al. 2015; Okai et al. 2016; Wieschalka
et al. 2012), diamines (Kind et al. 2010; Kind and Wittmann 2011; Kind et al. 2011;
Becker and Wittmann 2017a; Schneider and Wendisch 2010, 2011), alcohols,(Inui
et al. 2004a; Jojima et al. 2015; Smith et al. 2010; Blombach et al. 2011; Yamamoto
et al. 2013) and amino-acid related compounds (Becker et al. 2013; Perez-Garcia
et al. 2017; Rohles et al. 2016; Sun et al. 2016). The huge industrial relevance has
stimulated research for more efficient production strains from early on. Initially,
strains were developed classically, using random mutagenesis and selection. With
the advent of recombinant DNA technology, strain engineering could be upgraded
into a rational approach with iterative optimization of desired properties such as
yield, productivity, stress tolerance, and substrate spectrum. However, the obvious
complexity of the metabolism of C. glutamicum complicated the design of cell
factories for industrial fermentation. It became clear that optimization would
strongly benefit from a better knowledge about C. glutamicum, enabling a more
straightforward prediction and evaluation of genetic targets (Becker and Wittmann
2015; Ma et al. 2017; Becker et al. 2016; Chae et al. 2017). In this regard, metabolic
flux analysis, i.e. fluxomics, appeared perfect to investigate the pathways of
C. glutamicum in vivo. Over the years, fluxomics has evolved into the most valuable
guide in metabolic engineering among all omics approaches (Wittmann 2010;
Becker and Wittmann 2018; Kohlstedt et al. 2010). This chapter presents the



Pathways at Work: Metabolic Flux Analysis of the Industrial Cell Factory. . . 229

major concepts and tools of metabolic flux analysis and highlights prominent
application examples for systems biology and metabolic engineering of
C. glutamicum. The type strain C. glutamicum ATCC 13032 and thereof derived
mutants are in the focus of most flux studies. In addition, there are some reports on
fluxes in close relatives including Brevibacterium lactofermentum and
Microbacterium ammoniaphilum.

2 Metabolic Network Analysis of C. glutamicum

The complex structure of biological networks typically impedes rational approaches
for targeted optimization of cell factories for industrial application. Strategies, which
appear promising on a first glance, might quickly be paralyzed by the redundancy of
biochemical reactions, an undesired distribution of flux, or the sudden activation of
alternative pathways upon genetic perturbation. A profound knowledge of this
complex network structure is hence an essential basis for systems metabolic
engineering.

2.1 Metabolic Network Reconstruction

Generally, the carbon core metabolism comprises a complex network of approximately
100-200 biochemical reactions, which are closely interconnected. The analysis of the
fluxes through these reactions is primarily based on a model of the underlying reaction
network. Fortunately, the extensive biochemical and physiological characterization of
C. glutamicum during the past decades provides a rich source of information on many
of the enzymes and pathways present in this organism (Becker and Wittmann 2017b;
Yokota and Lindley 2005; Eikmanns 2005). Approximately 15 years ago, this knowl-
edge was complemented and updated with information from genome sequencing and
annotation (Kalinowski et al. 2003; Haberhauer et al. 2001). However, one should be
aware that central metabolism is still not totally understood. We continuously discover
novel features in practically all studied microbes, which have substantial impact for flux
analysis, i.e. regarding enzyme specificity (Nikel et al. 2015) or even the existence of
complete metabolic routes (Lange et al. 2017).

The core part of metabolism in C. glutamicum seems well understood although.
The microbe possesses the pentose phosphate (PP) pathway, the Emden-Meyerhof-
Parnas (EMP) pathway, the tricarboxylic acid (TCA) cycle, the glyoxylic acid shunt,
and a rich set of enzymes, which interconnect Cs-metabolites of the EMP pathway
with C4-metabolites of the TCA cycle (Fig. 1) (Wittmann and Becker 2007; Wittmann
and De Graaf 2005; Becker et al. 2016). Metabolic intermediates are withdrawn from
these central metabolic pathways to serve as building blocks for biomass formation,
which results in continuous anabolic fluxes in growing cells. C. glutamicum requires
glucose 6-phosphate, fructose 6-phosphate, ribose S-phosphate, erythrose
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Fig. 1 Biochemical network of the central metabolism of Corynebacterium glutamicum

4-phosphate, glyceraldehyde 3-phosphate, pyruvate, phosphoenolpyruvate, acetyl-
CoA, oxaloacetate, and 2-oxoglutarate for biomass formation (Wittmann and De
Graaf 2005). Due to the structure of the cell wall, diaminopimelate, a direct precursor
of L-lysine, is additionally consumed (Wehrmann et al. 1998). Beside carbon pre-
cursors, NADPH is required as reducing power for biosynthesis. Overall, 16,400 pmol
NADPH is consumed to form 1 g biomass. This amount has to be generated by the
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NADPH supplying enzymes, glucose 6-phosphate dehydrogenase (Ihnen and Demain
1969; Moritz et al. 2000), 6-phosphogluconate dehydrogenase (Ohnishi et al. 2005;
Moritz et al. 2000), isocitrate dehydrogenase (Chen and Yang 2000) and malic
enzyme (Dominguez et al. 1998; Becker et al. 2008) (Fig. 1). For most flux studies,
knowledge on the cellular composition of C. glutamicum and the anabolic demand for
the precursors is therefore important. Corresponding data have been collected in
different studies for C. glutamicum MH20-22B in continuous culture using glucose
(Marx et al. 1996), for exponentially growing C. glutamicum ATCC17965 using
glucose (Cocaign-Bousquet et al. 1996), and for exponentially growing
C. glutamicum BS87 (Kind et al. 2013).

In addition, reactions and pathways to secreted products have to be considered.
Most important, when studying over-producers, is the biosynthetic pathway for the
target product. As example, the biosynthetic pathways of L-lysine and L-glutamate start
from oxaloacetate and 2-oxoglutarate, respectively, two intermediates of the carbon
core network, and additionally demand for NADPH (4 NADPH per L-lysine and
1 NADPH per L-glutamate). Furthermore, C. glutamicum might secrete minor shares
of by-products, such as trehalose, acetate, lactate, succinate, pyruvate, L-alanine,
L-glutamate, and L-glycine (Kromer et al. 2004; Becker et al. 2005; Kiefer et al.
2002; Blombach et al. 2007). The observed by-product spectrum determines, which
of the corresponding pathways should be taken into account.

For flux analysis, the set of biochemical reactions and pathways has to be
arranged into a fully consistent network model. In such a model, the metabolites
are stoichiometrically connected by exactly defined enzymatic reactions, which
altogether convert substrates into intermediates, and ultimately into products
(Vallino and Stephanopoulos 1993; Schilling et al. 1999; Kjeldsen and Nielsen
2009; Shinfuku et al. 2009; Melzer et al. 2009; Zhang et al. 2019; Mei et al.
2016). When designing such networks models, it is important not to base them
exclusively on genomic information and stoichiometry, but also take thermody-
namic considerations into account, which impact direction and reversibility of flux
and constrain feasible flux states (Palsson 2000; Wang et al. 2017). Such constraints
are easily implemented into the biochemical model, if the thermodynamic feasibility
of the corresponding biochemical reaction is known. This allows, for instance,
defining reversible and irreversible reactions in the network. Finally, such a func-
tional biochemical network is the basic prerequisite for the determination of meta-
bolic fluxes.

2.2 Stoichiometric Flux Analysis

Stoichiometric balancing, also called metabolite balancing, is a model-based
approach for flux analysis. It is based on a metabolic network of the relevant
reactions and applicable to cells under metabolic steady-state, e.g. growing in
chemostat, balanced batch cultures, and balanced phases of fed-batch processes
(Vallino and Stephanopoulos 1993; Dersch et al. 2016b). In short, a subset of the
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fluxes of interest is directly measured, e.g. fluxes linked to substrate uptake, biomass
formation, and product synthesis (Wittmann and De Graaf 2005; von Kamp et al.
2017). Subsequently, the remaining intracellular fluxes are calculated using the
stoichiometric relations of the model. The calculation is straightforward, using linear
algebra. Pioneering studies compared metabolic fluxes in C. glutamicum during
growth and L-lysine production (Vallino and Stephanopoulos 1993, 1994), as well
as under different environmental conditions such as osmotic stress (Varela et al.
2003), and oxygen deprivation (Dominguez et al. 1993). Due to the nature of carbon
core metabolism, stoichiometric flux models derived therefrom are usually
underdetermined, which is also true for C. glutamicum. Consequently, additional
constraints are required to achieve a unique solution of the intracellular flux distri-
bution. These constraints can be provided by balances for ATP, NADH or NADPH,
which, however, often are subjected to uncertainties and can even introduce artefacts
into the flux estimation (Wittmann and De Graaf 2005; Winter and Kromer 2013;
Maarleveld et al. 2013). Alternatively, the underlying network can be simplified,
e.g. assuming certain pathways to be inactive (Aiba and Matsuoka 1979). Metabolic
fluxes derived from stoichiometric balancing are strongly influenced by the network
topology and the chosen assumptions rather than by biological data (Sauer 2006; El
Massaoudi et al. 2003), so that care should be taken regarding their interpretation. In
addition, important fine structures of the network of C. glutamicum cannot be
discriminated at all, using stoichiometric balancing. As example, the two branches
of L-lysine biosynthesis both exhibit the same stoichiometry (Wittmann and Becker
2007; Sonntag et al. 1993). The individual fluxes through the parallel routes are
therefore not resolvable by this approach (Wittmann and De Graaf 2005). Similarly,
the glyoxylate shunt, the bidirectional fluxes around the pyruvate node, and flux
reversibility of individual enzymes remain inaccessible (Vallino and
Stephanopoulos 1993; Wittmann and De Graaf 2005). Nevertheless, stoichiometric
flux analysis was an important approach, particularly in the early days of
C. glutamicum research and contributed strongly to our current understanding of
the microbe. Moreover, increased knowledge on energy and redox metabolism
(Sonderegger et al. 2004) and the consideration of transcriptomics regarding the
set of expressed pathways under the studied conditions (Beckers et al. 2016) help to
refine network structures and increase model quality and thereby flux accuracy.

3 State-of-Art >C Metabolic Flux Analysis

The first flux studies of C. glutamicum explored the microbe using isotopic tracers.
These tracer substrates are enriched with '>C at specific carbon atom positions
(Wittmann 2007; Becker and Wittmann 2014). When fed to the studied cells, they
are taken up and metabolized, whereby the '*C label is distributed throughout the
network. The carbon transition of each enzymatic reaction thereby specifically
defined the fate of the '*C label (Fig. 2). Depending on the tracer chosen, pathway
specific labelling signatures are formed, which can be exploited to infer intracellular
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precursors withdrawn from the intermediary metabolism. Adapted from Wittmann (2007),
Szyperski (1998)

fluxes. Mass spectrometry and NMR emerged as most prominent techniques to
measure '°C data from such isotopic experiments and provide information for flux
calculation (Wittmann 2002, 2007; Kiefer et al. 2007; Massou et al. 2007).
Pioneering isotope studies generated important knowledge on metabolic properties
of C. glutamicum, such as L-histidine biosynthesis (Ishino et al. 1984), and first
estimates of the fluxes through the TCA cycle or the glyoxylate shunt (Walker et al.
1982). In addition, they have been successfully used for the identification of unknown
metabolites and side-products, resulting from genetic alteration of the metabolism of
C. glutamicum (Kromer et al. 2006; Kind et al. 2010). Moreover, isotope experiments
provided valuable insights into sulphur (Bolten et al. 2010) and nitrogen metabolism
of C. glutamicum (Tesch et al. 1999), allowed to trace the carbon fate from substrates
into products (Lessmeier et al. 2015; Bolten et al. 2010; Ishino et al. 1986), provided
evidence for the re-uptake of secreted products (Zhao et al. 2012; Rohles et al. 2018),
and led to the discovery of novel metabolic pathways (Kromer et al. 2006). Today,
selected labelling data are also found useful to obtain model-independent flux
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estimates (Becker et al. 2010; Klingner et al. 2015; Fiirch et al. 2009) and to assess net
fluxes in the metabolism of C. glutamicum (Sato et al. 2008; Hoffmann et al. 2018).

In particular, isotopic labelling data are highly valuable to reduce the number of
assumptions needed in pure stoichiometric balancing and to obtain fully determined
and even overdetermined networks (Sauer 2006; Wittmann and De Graaf 2005).
Over the years, this integrated concept has been developed further and further.
Today, state-of-art metabolic flux analysis is a comprehensive workflow, which
couples sophisticated isotopic experiments with high-resolution '*>C labelling anal-
ysis and software embedded modelling frameworks for flux computation (Guo et al.
2018; Wittmann 2007; Heux et al. 2017). GC-MS has evolved into the most
prominent technique for the '>C measurement due to its high accuracy, sensitivity,
speed, and robustness (Wittmann 2002, 2007; Guo et al. 2018). In addition, also
NMR has been used for this purpose (de Graaf et al. 2000; Boisseau et al. 2013;
Nicolas et al. 2007).

For flux calculation, data on extracellular fluxes (substrate uptake, product secre-
tion), anabolic fluxes, and '*C labelling patterns are used to globally fit the unknown
flux parameters by a computer flux model (Kiefer et al. 2004; Kromer et al. 2004;
Wittmann and Heinzle 2002). Hereby, the free flux parameters of interest are varied
by an optimization algorithm, until the deviation between experimental and simu-
lated data is minimized (Wittmann 2007). Sophisticated modelling frameworks such
as matrix based isotopomer mapping (Wittmann and Heinzle 1999, 2001b; Schmidt
et al. 1999), cumomer balancing using the 13C-FLUX software (Wiechert et al.
2001) and the open source package OpenFLUX (Quek et al. 2009) and OpenFLUX2
(Shupletsov et al. 2014) provide convenient software solutions for flux calculation.
The platforms are steadily updated and extended to allow a more user-friendly
programming and visualization (Shupletsov et al. 2014; Desai and Srivastava
2018; Weitzel et al. 2013; Noh et al. 2015; He et al. 2016). In addition, they support
experimental design of tracer experiments and statistical flux evaluation (Quek et al.
2009; Millard et al. 2014; Noh et al. 2018).

3.1 Experimental Design

The appropriate combination of tracer substrate and labelling analytes is a critical
factor to obtain high quality labelling information for flux estimation (Wittmann and
Heinzle 2001b; Yang et al. 2005; Noh et al. 2018). The selection is case specific and
depends on the flux parameters of interest and the studied network. Experimental
design has been successfully used to evaluate the suitability of specific tracers
(Wittmann and Heinzle 2001b; Yang et al. 2005; Noh et al. 2018; Crown et al.
2016; Kohlstedt and Wittmann 2019; Millard et al. 2014) and the information
content of specific mass isotopomers (Becker et al. 2008; Kohlstedt and Wittmann
2019) for a number of flux problems. Using computer simulations, suitable
approaches can be identified also for C. glutamicum, as illustrated for different
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GC-MS fragment ions and fluxes around the complex network interconnecting
glycolysis and TCA cycle (Fig. 3).

In principle, tracer experiments can be carried out on a single carbon source or a
substrate mixture, using tracer substrates that are labelled at one or more positions
(Becker et al. 2008; Wittmann et al. 2004a; Kiefer et al. 2004; Rados et al. 2014). The
optimal labelling degree, position and/or substrate mixture of the tracer substrate can
again be identified by a computer-based experimental design. Intensive computa-
tional simulations showed that specific tracers are optimal for flux analysis in
C. glutamicum and other microbes (Wittmann and Heinzle 2001b; Wiechert and de
Graaf 1997; Mollney et al. 1999; Kohlstedt and Wittmann 2019). Flux analysis with
[1-"3C] glucose, for instance, provides labelling data that sensitively depend on the
flux partitioning between the EMP and the PP pathway. The sensitivity allows a
precise estimation of the corresponding in vivo fluxes (Wittmann 2007; Wittmann and
Heinzle 2001b). On the level of individual carbon atoms, the PP pathway enzyme
6-phosphogluconate dehydrogenase exclusively releases the '*C-labelled C; atom in
the decarboxylation reaction, whereas this atom is retained in the carbon backbone of
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the pathway intermediates, when glucose is metabolized via the EMP pathway
(Fig. 4a). Variation of the flux partitioning ratio thus strongly influences the '*C
enrichment in downstream metabolites (Wittmann and De Graaf 2005). At the same
time, the degree of reversibility of phosphoglucoisomerase at the entry into the EMP
pathway affects the labelling. The measurement of different analytes provides sensi-
tive data to assess both flux parameters in parallel (Wittmann and Heinzle 2001b).
Complementary to that, resolution of the exchange fluxes between the TCA cycle and
the EMP pathway is optimally based on a mixture of naturally labelled and ['*C]
glucose (Wittmann and Heinzle 2001b; Wittmann 2007), as C-C bond assembly and
cleavage results in new labelling combinations of TCA cycle metabolites and EMP
pathway metabolites that are specifically related to these reactions. Most flux studies
of C. glutamicum hence used two parallel tracer experiments on [1-'>C] glucose and a
mixture of naturally labelled and [13 Ce] glucose (Becker et al. 2008; Wittmann and
Heinzle 2002; Kiefer et al. 2004) or a combination of [1-'>C] and ['*Cg] glucose in
one single experiment (Iwatani et al. 2007). Hereby, parallel studies on different
tracers result in a higher accuracy and precision of the metabolic flux distribution
(Kiefer et al. 2004; Wittmann and Heinzle 2002; Petersen et al. 2000; Kromer et al.
2004; Kohlstedt and Wittmann 2019; Rados et al. 2014).

In addition, also other tracers have been used to address more specific questions.
As stated above, C. glutamicum operates two parallel L-lysine biosynthetic routes.
The relative contribution of each branch to the overall L-lysine flux has been
determined by tracer experiments on [6-'>C] glucose and positional labelling anal-
ysis of L-lysine using NMR (Sonntag et al. 1993; Nicolas et al. 2008). Alternatively,
the relevant labelling information to determine the L-lysine flux split was obtained in
C. glutamicum, using GC-MS analysis of L-alanine, L-lysine and diaminopimelate
from tracer studies on [4-]3C] glucose or [3-]3C] glucose (Fig. 4b) (Becker et al.
2013; Wittmann and Heinzle 2001b). In another prominent example, metabolic flux
analysis of sucrose-grown C. glutamicum used three parallel tracer studies on [1-'°C
glucose] sucrose, [1-13C fructose] sucrose and [13C fructose] sucrose (Wittmann
et al. 2004a).

3.2 Labelling Analysis for Flux Estimation

Analysis of '*C labelling patterns is mainly performed by GC-MS, which allows a
quantification of the mass isotopomer distribution in a variety of different metabo-
lites (Villas-Boas et al. 2005; Wittmann 2007; Roessner et al. 2000; Chen et al.
1998). Metabolites, accessible by GC-MS for flux analysis are for example amino
acids (Wittmann et al. 2002; Wittmann and Heinzle 1999; Christensen et al. 2002;
Christensen and Nielsen 1999), organic acids (Adler et al. 2013; Lange et al. 2017),
sugars, and sugar derivatives (Kohlstedt and Wittmann 2019; Kiefer et al. 2004).
Their analysis requires derivatization, GC separation, electron impact (EI) or chem-
ical ionization (CI), mass separation, and detection (Wittmann 2007; Becker and
Wittmann 2014). Due to the high energy input in the ionization process, the analytes
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are usually fragmented into specific ions. In turn, the formed fragments can be used
for identification and labelling analysis (Christensen and Nielsen 1999; Wittmann
2007; Wittmann et al. 2002; Becker and Wittmann 2014).

Proteinogenic amino acids are the most common analytes used to obtain the
necessary labelling information for steady-state flux analysis in growing cells
(Christensen and Nielsen 1999; Dauner and Sauer 2000). A number of flux studies
for C. glutamicum were based on these data (Wittmann and Heinzle 2002; Wittmann
et al. 2004b; Kromer et al. 2004; Becker et al. 2008; Buschke et al. 2013; Kind et al.
2013). Hereby, the well-known precursor-amino acid relationship allowed to deduce
the '*C-labelling patterns of the respective carbon precursors in intermediary metab-
olism from that of the amino acids (Fig. 2) (Szyperski 1998; Wittmann 2007). The
additional consideration of sugars and sugar derivates in the labelling analysis can
enhance flux identifiability, resolution, and accuracy (Kohlstedt and Wittmann 2019;
Adler et al. 2013; Lange et al. 2017; Becker et al. 2007). In principle, amino acids can
be derivatised by silylation using reagents such as MBDSTFA (N-methyl-N-tert-
butyldimethylsilyl-trifluoroacetamide) and MSTFA (N-methyl-N-(trimethylsilyl)-
trifluoro acetamid), or alkylation/acylation using MeOH/TMCS (Methanol/
Trimethylchlorosilane) and TMSH (Trimethylsulfonium hydroxide) for GC-MS anal-
ysis (Wittmann 2007). However, the labelling pattern of amino acids is preferentially
quantified from their #-butyl-dimethyl-silyl (TBDMS) derivatives, which yield high
quality signals for fragment ions that contain the entire carbon skeleton of the analytes
and are therefore particularly useful for metabolic flux analysis. For sugars, the
derivatisation typically comprises a combination of oximation and silylation using
hydroxylamine and trifluoroacetamides (BSTFA, MSTFA) (Kiefer et al. 2002; Bolten
et al. 2009; Wittmann et al. 2007; Wittmann 2007). In addition to GC-MS, other mass
spectrometry techniques for '*C labelling analysis comprise LC-MS (Kiefer et al.
2007; Oldiges et al. 2004; van Winden et al. 2005; Noack et al. 2011), CE-MS
(Iwatani et al. 2007), GC-C-IRMS (Yuan et al. 2010; Dersch et al. 2016a) and
MALDI-TOF MS (Wittmann and Heinzle 2001a). MS techniques provide mass
isotopomer data of an investigated molecule. Orthogonal information on the positional
labelling of specific carbon atoms within a molecule is obtained, using NMR and
2D-NMR, although at the cost of increased effort and reduced sensitivity (de Graaf
et al. 2000; Nicolas et al. 2008; Marx et al. 1996). To some extent, positional labelling
information can also be deduced from LC-MS and GC-MS data (Kappelmann et al.
2017; Becker et al. 2013). It depends on the studied metabolic flux problem, which
technique and/or combinations thereof should be selected—in terms of costs and effort
on one hand and flux resolution and identifiability on the other hand (Millard et al.
2017; Schwechheimer et al. 2018a, b; Sonntag et al. 1993; Riihl et al. 2012).

3.3 Technical Implementation

A spectrum of flux technologies has been developed to enable an application-
oriented research of this organism, such as mutant screening at miniaturized scale,
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routine strain characterization and testing, bioprocess development at laboratory
scale, and industrial production at large-scale (Fig. 5).
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Fig. 5 Current spectrum of '>C metabolic flux technologies and common application field in
systems biology and systems metabolic engineering
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Respirometric flux analysis
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3.3.1 Routine Flux Analysis of Balanced Cultures at Lab Scale

After years of intense research and development, GC-MS-based '*C metabolic flux
analysis has meanwhile evolved into a routine method for determining steady-state
fluxes in microbes (Sauer 2006). The approach allows high-resolution of fluxes at
high precision and accuracy. The tracer studies are easily performed in shake flasks
with culture volumes of 5-25 mL, but can, of course also be conducted in lab scale
bioreactors. This technique is usually applied to exponentially growing cells, since
these cells are in metabolic and isotopic steady-state (Becker et al. 2008; Winter and
Kromer 2013), so that the amino acid labelling from the cell protein provides the
necessary information for flux determination. During growth, labelled amino acids
are incorporated into biomass, so that their labelling pattern is conserved in the cell
protein; they are subsequently easily accessible by simple hydrolysis of the
harvested biomass (Kelleher 2001). Moreover, organic acids and sugar derivatives
can be analysed to provide complementary labelling data (Kohlstedt and Wittmann
2019; Wittmann and Heinzle 2002; Lange et al. 2017). It should be noticed that the
verification of steady-state is an important prerequisite for appropriate analysis.
Whereas isotopic steady-state can be validated by constant '*C labelling patterns
over time, metabolic steady-state can be inferred from constant kinetics and stoichi-
ometry during the studies process (Rohles et al. 2016; Becker et al. 2008; Biicker
et al. 2014).

This type of steady-state stationary flux analysis has proven highly value in
guiding systems metabolic engineering of C. glutamicum (Wittmann 2007;
Wittmann and Heinzle 2002; Wittmann et al. 2004a; Becker and Wittmann 2018;
Becker et al. 2011). Moreover, it provided unique insights into the metabolism of the
microbe as response to genetic perturbation (Bartek et al. 2011; Becker et al. 2008;
Marx et al. 1997; Kim et al. 2006; Marx et al. 1999), amino acid production (Sonntag
et al. 1995; Kromer et al. 2004; Shirai et al. 2006), and the use of different carbon
sources, such as sucrose, fructose, xylose, mannitol, acetate and propionate
(Wittmann et al. 2004a; Kiefer et al. 2004; Buschke et al. 2013; Hoffmann et al.
2018; Veit et al. 2009; Wendisch et al. 2000; Dominguez et al. 1998).

3.3.2 Miniaturized Flux Analysis for Screening Purposes

Genetic modification of microbes during strain optimization often creates a large
number of mutants, which display highly interesting libraries to be screened on the
flux level. To this end, approaches were developed for C. glutamicum (Wittmann
et al. 2004b) and other microbes (Klingner et al. 2015; Berger et al. 2014; Heux et al.
2014), comprising tracer cultivation at a miniaturized scale for high-throughput
(Fischer et al. 2004; Wittmann et al. 2004b; Heux et al. 2017). The established
multi-well microtiter plate format allows reproducible, well-controlled cultivation in
a volume of approximately 100—1000 pL with online monitoring of dissolved
oxygen, offline quantification of substrates, products, and biomass, together with
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labelling analysis of secreted products, or optionally from hydrolysed biomass, using
GC-MS (Wittmann et al. 2004b). In addition to the high number of parallel exper-
iments, the miniaturized scale benefits from a cost advantage since it requires much
lower amounts of the costly '*C-labelled substrates. Using such miniaturized
approaches, the fluxes through the central metabolic pathways of C. glutamicum
can be precisely determined, as demonstrated for different L-lysine producing
mutants (Wittmann et al. 2004b). In the meantime a novel platform for automated
high-throughput fluxome profiling of bacteria has been established, which combines
a robotic system for '*C labelling experiments and sampling with NMR-based
isotopic profiling including automated data interpretation (Heux et al. 2014).

3.3.3 Metabolic Flux Analysis Under Dynamic Conditions

Notably, the aforementioned techniques for flux estimation are suitable to determine
steady-state fluxes. However, industrial fermentation processes are often performed
as fed-batch cultures that are characterized by changing conditions. The determina-
tion of metabolic fluxes under such dynamic conditions requires specific methods.
The key to resolve time-dependent changes in flux is the consideration of intracel-
lular metabolites, which quickly adapt labelling patterns. Suitable metabolites are
intracellular amino acids (Kromer et al. 2004; Drysch et al. 2004) and pathway
intermediates of the EMP pathway, the PP pathway, and the TCA cycle (Kiefer et al.
2007; Drysch et al. 2004). While the amino acids can be well analysed for B¢
labelling by GC-MS (Wittmann et al. 2002; Kromer et al. 2004), free pathway
intermediates are accessible using LC-MS (Kiefer et al. 2007; Iwatani et al. 2007;
Noack et al. 2011), GC-MS (Kohlstedt et al. 2014), and NMR (Drysch et al. 2004).
Previous applications investigated flux variations in response to dynamic culture
conditions, such as shifts from growth to L-lysine production (Krémer et al. 2004) or
from batch to fed-batch (Iwatani et al. 2007). This technique seems useful to identify
metabolic bottlenecks, which specifically result from the changed flux distribution,
since these would not be accessible by standard '*C MFA.

3.3.4 Metabolic Flux Analysis of Non-growing Cells

Industrial fermentation processes typically support product synthesis under condi-
tions of limited growth in order to reduce or even abolish anabolism as a competitor
for carbon, energy, and reducing power. Typically, industrial production is
conducted as fed-batch with an extended nutrient-limited production phase (Kind
et al. 2014; Kohlstedt et al. 2018; Rohles et al. 2018). As another example, amino
acid production with C. glutamicum traditionally uses auxotrophic mutants with
decoupled phases of growth and production (Kromer et al. 2004; Vallino and
Stephanopoulos 1993; Drysch et al. 2004). In addition, novel concepts for dynamic
metabolic control use genetic switches and metabolic valves to change the metabolic
activity from one state that optimally supports growth to another state that is more
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favourable for production (Lynch 2016). An elaborated respirometric approach for
flux estimation has been developed to access metabolic fluxes of such producing,
non-growing cells (Yang et al. 2005, 20064, b). It is based on tracer studies with
labelling measurement of carbon dioxide, which is practically always formed during
metabolic activity which needs energy and redox power, even in non-growing cells.
The technique is thus independent of further product formation or growth. Using a
set-up with three parallel experiments on differently labelled tracer substrates, all
central metabolic pathways activities of C. glutamicum can be resolved (Yang et al.
2006a). Another study reports on the flux estimation of non-growing succinate-
producing C. glutamicum. A tracer combination of [1-'*C] glucose, [2-'°C] glucose,
[1,2-13C] glucose and [U-13C] glucose combined with NMR analysis of secreted
products allowed the determination of the central metabolic fluxes of non-growing
C. glutamicum under anaerobic condition (Rados et al. 2014).

3.3.5 Metabolic Flux Analysis at Large Scale

Labelling studies for the determination of intracellular pathway activities are usually
restricted to small-scale experimental set-ups due to the high cost of the required
tracer substrates. However, with regard to industrial production processes it appears
attractive to mitigate eventual scale effects by estimating metabolic fluxes also at
large scale. This became possible with the development of a sensor-reactor approach
allowing flux estimation under varying conditions representative for large-scale
fermentation (El Massaoudi et al. 2003). The basic idea is to perform the tracer
experiment in a small-scale bioreactor, which is operated in parallel to a large-scale
production reactor. The labelling is introduced into the sensor reactor system by
['*Ce] glucose pulses; key fermentation parameters are assessed in both reactors
throughout the course of the experiment to ensure process equivalence. In a case
study, labelling data for flux estimation were obtained by NMR analysis of intracel-
lular metabolites (Drysch et al. 2003). The approach was further extended to the
determination of time-dependent flux changes that typically occur during fed-batch
fermentation (Drysch et al. 2003, 2004).

A smart strategy for metabolic flux analysis at large scale is the use of
ultrasensitive technology for labelling analysis. GC combustion isotope ratio mass
spectrometry (GC-C-IRMS) can precisely estimate '*C labelling at extremely low
enrichment. It is approximately 100—-1000-fold more sensitive than common GC-MS
or LC-MS approaches (Dersch et al. 2016a). This type of measurement allows to
substantially decrease the amount of the applied tracer. GC-C-IRMS allows precise
metabolic flux analysis at a reduced labelling degree of the tracer substrate of only
1%, whereby the coupling to a GC enables efficient separation and subsequent
analysis of amino acids (Yuan et al. 2010).
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4 Metabolic Pathway Engineering in C. glutamicum

With regard to metabolic flux analysis, C. glutamicum is probably the best studies
microbe (Wittmann 2010; Wittmann and De Graaf 2005; Bartek et al. 2011; Noack
et al. 2011; Hoffmann et al. 2018; Rados et al. 2014). Driven by the strong industrial
interest for this bacterium, a number of studies have been conducted over the past
years. They provide a very detailed picture and form an excellent knowledge base for
systems metabolic engineering of C. glutamicum (Wittmann and Becker 2007; Ikeda
2003).

4.1 Key Fluxes for the Production of L-Lysine
and 1-Lysine-Derived Chemicals

The feed amino acid L-lysine holds the second largest share in the amino acid business
with global sales of approximately 4 billion dollars. Industrial production mainly relies
on strains of C. glutamicum, which have been engineered by classical mutagenesis as
well as metabolic engineering (Eggeling and Bott 2015; Becker et al. 2018b). In recent
years, such strains became more and more attractive as chassis strains for the produc-
tion of L-lysine derived platform chemicals (Becker et al. 2018b). This chemicals
include diaminopentane (Kind et al. 2010; Kind and Wittmann 2011), aminovalerate
(Rohles et al. 2016; Shin et al. 2016) and glutarate (Rohles et al. 2018), which serve as
building blocks for the production of novel bio-based plastics with advanced material
properties, and L-pipecolic acid (Perez-Garcia et al. 2017; Perez-Garcia et al. 2016), a
valuable precursor for the pharmaceutical industry. With a stoichiometric demand of
1:1:4 for each molecule of L-lysine, the L-lysine biosynthetic pathway in
C. glutamicum requires pyruvate and oxaloacetate as carbon precursors, and
NADPH as reducing power (Michal 1999). Similarly, these building blocks are
required for all L-lysine-derived compounds. It is obvious that optimized production
requires a well-balanced supply of these building blocks.

4.1.1 Engineering of Key Fluxes for Carbon Precursor Supply

Pyruvate and oxaloacetate are both part of a network of carboxylating and
decarboxylating reactions, which connect the EMP pathway and the TCA cycle. In
C. glutamicum, this complex network comprises pyruvate carboxylase and phos-
phoenolpyruvate carboxylase as carboxylating enzymes, as well as malic enzyme,
PEP carboxykinase and OAA decarboxylase that catalyze decarboxylation reactions
from the TCA cycle towards the EMP pathway (Fig. 1) (Eikmanns 2005; Becker and
Wittmann 2017b). This enzymatic set-up creates a cyclic reaction network, which
controls the anaplerotic net flux into the TCA cycle and, furthermore, allows a
redistribution of flux in response to metabolic or genetic disturbance (Becker et al.
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2008; Petersen et al. 2000, 2001; Shirai et al. 2007; Sawada et al. 2010; Yanase et al.
2016; Netzer et al. 2004). The general role of the cycle has been attributed to energy
maintenance (de Graaf et al. 2001; Sauer et al. 1997), equilibration of metabolite
levels around the pyruvate node (Sauer and Eikmanns 2005), and additional
NADPH supply under certain conditions (Dominguez et al. 1998; Becker et al.
2008; Netzer et al. 2004). Specifically related to the development of L-lysine
overproducing strains, the cycle and its individual enzymes exhibit a key role.
Using metabolic flux analysis, a close correlation between the L-lysine flux and the
anaplerotic net flux was discovered for different L-lysine producers (Wittmann and
De Graaf 2005; Wittmann and Heinzle 2002). This observation was used in different
metabolic engineering strategies that aimed at an increased anaplerotic net flux by
(1) overexpression of pyruvate carboxylase as major anaplerotic enzyme (Peters-
Wendisch et al. 2001; Kind et al. 2011; Becker et al. 2011; Kind et al. 2010; Rohles
etal. 2016, 2018; Buschke et al. 2011), (2) overexpression of PEP carboxylase (Sano
etal. 1987), (3) deletion of the pck gene encoding the OA A-consuming reaction PEP
carboxykinase (Petersen et al. 2001; Kind et al. 2011; Becker et al. 2011; Perez-
Garcia et al. 2017, 2018; Jorge et al. 2017b; Rohles et al. 2016, 2018; Kind et al.
2010; Buschke et al. 2011) and (4) implementation of feed-back insensitive variants
of pyruvate carboxylase (Ohnishi et al. 2002; Kortmann et al. 2019; Becker et al.
2011; Perez-Garcia et al. 2017, 2018; Jorge et al. 2017b; Rohles et al. 2016, 2018;
Kind et al. 2010; Buschke et al. 2011; Kind et al. 2011), and PEP carboxylase (Chen
et al. 2014; Yanase et al. 2016; Yokota et al. 2017).

In contrast to the anaplerotic net flux, the flux through pyruvate dehydrogenase
and TCA cycle, pathways competing with L-lysine production, was found to
decrease with increasing L-lysine flux (Fig. 6). This finding suggested that an
attenuation of pyruvate dehydrogenase and TCA cycle could redirect the flux
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towards anaplerotic carboxylation to support the production of L-lysine and related
products. Indeed, L-lysine production was successfully improved by deletion
(Blombach et al. 2007) and targeted down-regulation of pdh (Becker et al. 2010;
Buchholz et al. 2013). In addition, the down-regulation of the TCA cycle flux at the
level of isocitrate dehydrogenase, citrate synthase and succinyl-CoA synthetase
substantially improved production performance (Becker et al. 2009; Kind et al.
2013; van Ooyen et al. 2012; Xu et al. 2018; Yokota et al. 2017). Interestingly,
perturbation of the metabolism at the level of pyruvate kinase revealed an indifferent
effect on L-lysine production, depending on the genetic background of the parent
strain (Becker et al. 2008; Shiio et al. 1987; Yanase et al. 2016; Yokota et al. 2017).
Only in combination with the expression of a desensitized PEP carboxylase, deletion
of the pyruvate kinase gene was beneficial for L-lysine production (Yanase et al.
2016; Yokota et al. 2017).

4.1.2 Key Fluxes for NADPH Supply

In addition to carbon, NADPH is required for efficient L-lysine biosynthesis and—in
line with this—for all L-lysine-derived chemicals. In C. glutamicum, NADPH is
provided by the enzymes glucose 6-phosphate dehydrogenase (G6PDH) and
6-phosphogluconate dehydrogenase, which form the oxidative part of the PP path-
way (Ihnen and Demain 1969; Yokota and Lindley 2005), by the TCA cycle enzyme
isocitrate dehydrogenase (Chen and Yang 2000), and by malic enzyme (Gourdon
et al. 2000; Eikmanns 2005). The relevance of these enzymes for NADPH supply for
L-lysine production has been elucidated to great detail by comparative flux studies
(Wittmann and Heinzle 2002). The PP pathway is the most important pathway for
NADPH supply in glucose-grown C. glutamicum. Improved production perfor-
mance is accompanied by an increased carbon flux through the PP pathway and a
concomitantly reduced flux through the EMP pathway (Fig. 7). The TCA cycle flux,
however, decreases with increased L-lysine flux (Wittmann and Heinzle 2002;
Becker et al. 2009; Wittmann and De Graaf 2005), unravelling that the cycle rather
competes with production for carbon. Accordingly, manipulation of the flux
partitioning ratio at the glucose 6-phosphate (G6P) branch point in favour of the
PP pathway appeared promising to improve L-lysine production. This was tested by
different strategies. The most radical one was a deletion of phosphoglucoisomerase
(pgi), forcing the cell to exclusively metabolize carbon via the PP pathway (Marx
et al. 2003). This modification improved L-lysine production, but severely impaired
growth. Moreover, a pgi deficient mutant would be limited to glucose-based pro-
duction, because other substrates such as sucrose, glycerol, lactate, fructose, xylose,
and arabinose require an active phosphoglucoisomerase for channelling carbon into
the PP pathway to form NADPH (Kiefer et al. 2004; Becker et al. 2005; Wittmann
et al. 2004a; Buschke et al. 2013; Dominguez et al. 1998).

The strict regulation of the NADPH-providing enzymes G6PDH and
6-phosphogluconate dehydrogenase by NADPH and other metabolites (Moritz et al.
2000) suggested the need to mutate these enzymes in order to relieve feedback
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inhibition constraints. Implementation of such modified enzyme-variants in a wild
type-derived L-lysine producer indeed resulted in increased L-lysine production by
increased fluxes through the PP pathway (Ohnishi et al. 2005; Becker et al. 2007).
Moreover, over expression of GOPDH by promoter exchange (Becker et al. 2007) and
start codon exchange (Becker et al. 2010) influenced the flux split ratio at the G6P
node thereby significantly improving L-lysine production. In an advanced L-lysine
producer, over expression of GOPDH was realized in its complete zkt-operon-frame
thereby additionally upregulating other enzymes of the PP pathway, including
transketolase and transaldolase of PP pathway (Becker et al. 2011). Exchange of the
natural tkz-promoter by the sod-promoter concomitantly increased PP pathway flux
and L-lysine production further (Becker et al. 2011). This strategy was efficiently
transferred to diaminopentane-producing strains with substantial improvement of
glucose- and xylose-based production (Kind et al. 2014; Buschke et al. 2013).
Efficient NADPH supply in C. glutamicum is especially challenging, when using
substrates, which only support a low flux through the oxidative PP pathway, such as
fructose (Kiefer et al. 2004), sucrose (Wittmann et al. 2004a), mannitol (Hoffmann
et al. 2018), and xylose (Buschke et al. 2013). To address this issue, different
engineering strategies were found valuable: (1) enforced metabolic flux rerouting
towards PP pathway, (2) the incorporation of alternative reactions for NADPH
supply, and (3) a reduction of the NADPH demand. As example, the amplified
expression of the fbp gene, encoding the gluconeogenetic enzyme fructose
1,6-bisphosphatase (FBPase), was highly efficient to push carbon towards the PP
pathway (Becker et al. 2005, 2011). This non-obvious target was identified by
metabolic flux analysis of C. glutamicum during growth on fructose and sucrose,
highlighting this technology as a powerful tool to guide strain optimization (Kiefer
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et al. 2004; Wittmann et al. 2004a). Overexpression of fbp did not only turn out
beneficial for glucose, fructose, and sucrose based production (Becker et al. 2005)
but also improved production of L-lysine and L-lysine-derived compounds from
other substrates including xylose (Buschke et al. 2013) and silage juice (Neuner
et al. 2013). Moreover, this modification is an integral trait of hyper-producing
strains, optimized for L-lysine production from mannitol (Hoffmann et al. 2018),
and glucose-based production of diaminopentane (Kind et al. 2014), glutarate
(Rohles et al. 2018) and aminovalerate (Rohles et al. 2016). Beside the expression
level, also kinetic properties of FBPase are relevant for production. Unlike the native
C. glutamicum enzyme, the E. coli enzyme variant is insensitive to metabolic
regulation by fructose 1-phosphate and fructose 2,6-bisphosphate. Heterologous
expression of the E. coli fbp gene supported L-lysine production in glucose
(Xu et al. 2014), fructose (Xu et al. 2014), sucrose (Xu et al. 2014) and molasses-
based media (Xu et al. 2013).

For mannitol-grown C. glutamicum, an additional metabolic route was
established to support a better operation of the PP pathway during growth and
production on this sugar alcohol (Hoffmann et al. 2018). Heterologous expression
of fructokinase from either E. coli (mak) or Clostridium acetobutylicum (srcK)
created a new assimilation pathway allowing higher fluxes through the NADPH-
providing reactions of the PP pathway and thus improved L-lysine production
(Hoffmann et al. 2018).

Instead of using the PP pathway as the natural NADPH source in C. glutamicum,
other studies systematically manipulated the co-factor specificity of homologous
enzymes or implanted heterologous enzymes in C. glutamicum to create novel reac-
tions for sufficient NADPH supply. Engineering of the native NAD-dependent glyc-
eraldehyde 3-phosphate dehydrogenase GapA towards the use of NADP as alternative
co-factor substantially increased L-lysine production without a significant flux change
towards the PP pathway (Bommareddy et al. 2014). Similarly, a replacement of GapA
by the heterologous NADPH-generating glyceraldehyde 3-phosphate dehydrogenase
GapN of Streptococcus mutans allowed L-lysine production independent of the PP
pathway (Takeno et al. 2016). This modification was also the key to success to
efficiently use mannitol as alternative carbon source for L-lysine production (Hoff-
mann et al. 2018). Despite a low operation of the PP pathway, sufficient NADPH
supply for L-lysine production was ensured by coupling the supply of this co-factor to
the high EMP pathway flux (Hoffmann et al. 2018).

As alternative strategy, enzymes were engineered for co-factor specificity to
reduce the NADPH demand for L-lysine biosynthesis. A recent study reports on
the mining of NADH-utilizing dehydrogenases, namely aspartate dehydrogenase
from Pseudomonas aeruginosa (PaASPDH), aspartate-semialdehyde dehydroge-
nase from Tistrella mobilis (TmASADH), dihydrodipicolinate reductase from
Escherichia coli (EcDHDPR), and diaminopimelate dehydrogenase from
Pseudothermotoga thermarum (PtDAPDH), to replace the native C. glutamicum
enzyme variants (Wu et al. 2019).
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4.1.3 Systems-Wide Flux Engineering for L-Lysine Hyper-production

A seminal study used the power of '*C metabolic flux analysis combined with in
silico modelling to systematically redirect the carbon fluxes of C. glutamicum for
optimized L-lysine production. The metabolic blueprint of the superior producer
based on a differential flux map composed from (1) the in vivo fluxes of the wild type
as quantitative measure of the pathway usage as a starting point and (2) a predicted flux
scenario for optimal L-lysine production as the ultimate goal (Becker et al. 2011). By
iterative implementation of twelve defined genome-based modifications, the carbon
flux was stepwise primed for L-lysine production. Under industrial conditions, the final
engineered strain LYS-12 produced 120 g L™ L-lysine within only 30 h at a high yield
of 0.55 g g”'. Flux analysis guided strain engineering throughout the genealogy by
unravelling the metabolic flux responses towards each of the implemented genetic
perturbation. The fluxes provided a rational and quantitative measure to explain the
observed changes in the production performance, and to validate the desired rerouting
of metabolic fluxes, namely (1) increased L-lysine flux, (2) increased PP pathway flux,
(3) increased pyruvate carboxylase flux, (4) decreased PEP carboxykinase flux and
(5) decreased TCA cycle flux (Becker et al. 2011).

4.2 Key Fluxes for the Production of L-Glutamate
and L-Glutamate Derived Chemicals

Similarly to L-lysine, L-glutamate overproduction is closely linked to the central
metabolism. During L-glutamate production, significant amounts of the TCA cycle
intermediate 2-oxoglutarate are withdrawn, resulting in the need for anaplerotic
replenishment (Shirai et al. 2007; Peters-Wendisch et al. 2001; Sato et al. 2008).
In order to support anaplerotic carboxylation, the central glycolytic enzyme pyruvate
kinase was deleted in the wild type of C. glutamicum, which improved L-glutamate
production under biotin-limited conditions (Sawada et al. 2010). The additional
expression of a feedback deregulated PEP carboxylase was especially beneficial
for L-glutamate production (Yokota et al. 2017). This is in line with previous
findings, which showed that PEP carboxylase is indispensable for L-glutamate
production and carries the major anaplerotic flux under these conditions (Sato
et al. 2008). Studies on posttranslational modification of PEP carboxylase by
acetylation provided reasonable evidence that this enzyme might indeed play a
major role for carbon flux redistribution under L-glutamate-producing conditions
(Nagano-Shoji et al. 2017). Interestingly, the deletion of pyruvate carboxylase
resulted in an improved production of L-glutamate and the thereof derived
y-aminobutyrate (GABA) (Wang et al. 2015), likely related to the activation of
PEP carboxykinase. Also targeted overexpression of the encoding ppc gene and
deletion of the mdh gene, encoding the OAA consuming malate dehydrogenase,
improved GABA production (Shi et al. 2017).
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Regarding the L-glutamate precursor 2-oxoglutarate, the activity of isocitrate
dehydrogenase (ICD) as 2-oxoglutarate-supplying reaction and the activity of the
2-oxoglutarate dehydrogenase complex (ODHC) as 2-oxoglutarate-consuming reac-
tion have been studied. Metabolic flux analysis revealed that ICD activity does not
significantly change during fermentation, while that of the ODHC significantly
decreases after the induction of L-glutamate production (Shirai et al. 2005). Artificial
amplification of the activities of ICD and L-glutamate dehydrogenase do not influ-
ence the fluxes at the 2-oxoglutarate branch point (Shimizu et al. 2003). In the light
of this finding, the major role in flux control at the key branch point of 2-oxoglutarate
can be attributed to ODHC. In this regard, production of L-glutamate and GABA was
successfully improved by deletion of odhA, encoding a subunit of the enzyme
complex (Asakura et al. 2007; Wang et al. 2015). A similar effect was attained by
odhA antisense RNA expression that leads to a decreased specific activity of ODHC
(Kim et al. 2009). A reduced ODHC activity, obtained by start codon engineering
(ATG — TTG) of OdhA, also improved production of putrescine (Nguyen et al.
2015) and GABA via the putrescine route (Jorge et al. 2017a). ODHC is subject to a
regulatory control mechanism involving the ODHC suppressor protein Odhl and
serine/threonine protein kinase G (PknG) (Schultz et al. 2007), whereby the inhib-
itory effect of Odhl on ODHC can be overcome by PknG-mediated phosphorylation
of Odhl at the threonine residue 14 (Schultz et al. 2007; Niebisch et al. 2006).
Moreover, posttranslational L-lysine succinylation was found to regulate Odhl
activity, which might be of relevance for L-glutamate production (Mizuno et al.
2016; Komine-Abe et al. 2017). Accordingly, perturbation of this regulatory mech-
anism by overexpression of the odhl gene improve the production of L-glutamate
(Kim et al. 2010). Similarly, deletion of the pknG gene or introduction of the point
mutation T14A in Odhl—thus stabilizing the inhibitory effect of Odhl on ODHC—
successfully increased the production of GABA (Jorge et al. 2017a; Okai et al. 2014)
and putrescine (Nguyen et al. 2015).

5 Conclusions and Future Directions

The past years have impressively demonstrated the unique value of metabolic flux
analysis to understand molecular and cellular processes in C. glutamicum and
upgrade this microbe into efficient cell factories. Future strain optimization will
demand even more for efficient flux approaches in order to speed up development
times and efficiently extend the application folio of the microbe to non-natural
products and raw materials.

One interesting line of research is the holistic interpretation of flux data in
combination with other omics data in order to decipher global regulatory mecha-
nisms (Kromer et al. 2004; Kohlstedt et al. 2010, 2014) and to identify genes with
hypothetic or unknown function. Initial efforts of multi-omics analysis of
C. glutamicum appear promising (Kromer et al. 2004, 2008; Silberbach et al.
2005; Buschke et al. 2013; Buchinger et al. 2009). They promise highly informative
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data sets to elucidate regulatory mechanisms on a global level and drive ambitious
multidimensional optimization (Becker et al. 2018b; Becker and Wittmann 2015,
2018). Clearly, such systematic studies will benefit from the fast progress in mini-
aturization and automatization of metabolic flux studies, which enable high-
throughput (Wittmann et al. 2004b; Heux et al. 2014, 2017). Depending on the
desired level of detailedness, metabolic flux analysis could involve systems-wide
flux analysis of central metabolic pathways, targeted estimates of flux split ratios,
and analysis of characteristic flux fingerprints via isotopic profiling (Heux et al.
2014, 2017; Klingner et al. 2015; Berger et al. 2014; Tang et al. 2012).

With regard to industrial implementation of C. glutamicum, novel approaches for
'3C metabolic flux analysis in complex nutrient environments are more and more
deepening our understanding of industrial cell factories under production-like con-
ditions (Schwechheimer et al. 2016, 2018b, c; Adler et al. 2013, 2014; Templeton
et al. 2017). In this regard, metabolic flux analysis will remain a “bottle opener” for
systems-level design of C. glutamicum as efficient cell factory for the production of
an array of bio-based goods. Moreover, metabolic flux analysis is more and more
applied to gain deeper insights in the metabolism of pathogens and their mechanism
of infection and virulence (Biicker et al. 2014; Berger et al. 2014), which is also of
high interest for pathogenic Corynebacteria and close relatives such as Mycobacte-
rium tuberculosis.
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