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Further abbreviations not included in this section are according to international standards, as, for example listed in
the author guidelines of the FEBS Journal.

Δ deletion
ACC acetyl-CoA carboxylase
AMP adenosine monophosphate
ADP adenosine diphosphate
ATc anhydrotetracycline
ATCC American Type Culture Collection
ATP adenosine triphosphate
a.u. arbitrary units
BC biotin carboxylase domain
BCCP biotin carboxyl carrier protein
bp base pairs
BHI Brain Heart Infusion
CoA coenzyme A
CT carboxyl transferase domain
Da Dalton
eYFP enhanced yellow fluorescent protein
FACS fluorescence-activated cell sorting
GFP green fluorescent protein
GRAS generally regarded as safe
GTP guanosine triphosphate
HPLC high performance liquid chromatography
IPTG isopropyl-β-D-thiogalactopyranoside
LysC aspartate kinase
Ki inhibitor constant
Km Michaelis constant
M molar (mol/l)
MNP multiple nucleotide polymorphism
Mr molecular weight
NADP(H) nicotinamide adenine dinucleotide phosphate, oxidized/reduced
OAA oxaloacetate
OD600 optical density at 600 nm
P promoter
PCx pyruvate carboxylase
PEP phosphoenolpyruvate
PEPCx PEP carboxylase
PPP pentose phosphate pathway
PT PCx tetramerization (or allosteric) domain
PTS phosphoenolpyruvate-dependent phosphotransferase system
PYK pyruvate kinase
RNAP RNA polymerase
rpm revolutions per minute
SDS sodium dodecyl sulfate
SNP single nucleotide polymorphism
TAT twin arginine translocation
TCA tricarboxylic acid
TCE total cell extract
TF transcription factor
TY tryptone-yeast extract
vol/vol volume per volume
wt wild-type
wt/vol weight per volume



II Content



Content I

Content

Abbreviations ....................................................................................................................... I

1 Summary .......................................................................................................................1

1.1 Summary English ......................................................................................................1
1.2 Summary German .....................................................................................................2

2 Introduction ...................................................................................................................3

2.1 Microbial biotechnology and metabolic engineering ...................................................3
2.2 Corynebacterium glutamicum - an industrial production workhorse ...........................4
2.3 Expression systems for overproduction of homologous and heterologous

proteins in C. glutamicum ..........................................................................................6
2.3.1 T7 RNA polymerase-dependent gene expression systems ...............................7

2.4 The PEP–pyruvate–oxaloacetate node in C. glutamicum ..........................................9
2.4.1 The pyruvate carboxylase ...............................................................................11
2.4.2 L-Lysine production with C. glutamicum...........................................................12

2.5 Sensor-based enzyme optimization in C. glutamicum ..............................................15
2.6 Aims of this thesis....................................................................................................18

3 Results ........................................................................................................................20

3.1 A chromosomally encoded T7 RNA polymerase-dependent gene expression
system for Corynebacterium glutamicum: construction and comparative
evaluation at the single-cell level. ............................................................................22

3.1.1 Supplementary material “A chromosomally encoded T7 RNA polymerase-
dependent gene expression system for Corynebacterium glutamicum:
construction and comparative evaluation at the single-cell level”.....................36

3.2 Pyruvate carboxylase variants enabling improved lysine production from
glucose identified by biosensor-based high-throughput fluorescence-activated
cell sorting screening ...............................................................................................44

3.2.1 Supplementary material “Pyruvate carboxylase variants enabling improved
lysine production from glucose identified by biosensor-based high-
throughput fluorescence-activated cell sorting screening” ...............................53

3.3 Pyruvate carboxylase from Corynebacterium glutamicum: purification and
characterization. ......................................................................................................75

4 Discussion ..................................................................................................................86

4.1 Establishing a T7 RNA polymerase-dependent gene expression system in
Corynebacterium glutamicum ..................................................................................86

4.1.1 Potentials and limitations of the T7 RNA polymerase-dependent gene
expression system in C. glutamicum ...............................................................87



II Content

4.1.2 Recombinant gene expression in Corynebacterium glutamicum with the T7
system ............................................................................................................89

4.2 Strategies for strain optimization in Corynebacterium glutamicum ...........................92
4.2.1 Use of biosensors for screening of PCx muteins enabling improved L-lysine

production .......................................................................................................93
4.2.2 Engineering PCx to overcome the bottleneck of precursor supply in the

TCA cycle .......................................................................................................95

5 References ..................................................................................................................99

6 Appendix ................................................................................................................... 115

6.1 Production of secretional proteins with Corynebacterium glutamicum
MB001(DE3).......................................................................................................... 115

6.1.1 T7 RNA polymerase-dependent synthesis of GFP and subsequent
secretion into the extracellular medium with C. glutamicum .......................... 116

6.1.2 Influence of tatABC overexpression on the secretion of the heterologous
protein PhoDBs-GFP in C. glutamicum ........................................................... 120

6.2 Genome-sequencing of the lysine-producing strain Corynebacterium
glutamicum DG52-5 ............................................................................................... 125

6.3 Characterization of corynebacterial PCx muteins with PCx-Assay ......................... 129
6.4 Expression of heterologous pyc variants in Corynebacterium glutamicum ............. 132

Danksagung ...................................................................................................................... 137

Erklärung .......................................................................................................................... 138



Summary 1

1 Summary

1.1 Summary English

Corynebacterium glutamicum is one of the most important model organisms in white biotechnology for
the industrial production of numerous amino acids, most notably L-glutamate and L-lysine, but also of
other metabolites and proteins. In order to further expand possible applications of this organism for the
conversion of renewable feedstocks into industrially relevant compounds, two different approaches of
strain engineering of C. glutamicum were addressed in the present thesis.

In the first part of this work, a new expression system based on a chromosomally encoded T7 RNA
polymerase and a plasmid-based T7 promoter was established and characterized in C. glutamicum. For
this purpose, the T7 RNA polymerase (gene 1) was integrated into the prophage-free strain C. glutami-
cum MB001 under the control of the IPTG-inducible lacUV5 promoter, resulting in strain MB001(DE3).
In addition, the expression plasmids pMKEx1 and pMKEx2 were constructed into which a target gen
can be cloned under control of the T7 promoter and, if necessary, can be fused to a polyhistidine-tag or
a Strep-tag. The T7 expression system was evaluated with the reporter gene eyfp and compared to the
well-established pEKEx2 system, which is based on the tac promotor. The basal expression of the T7
system was lower than that of the pEKEx2 system. The specific fluorescence of eYFP increased 450-
fold after maximal induction of the T7 system with 250 µM IPTG and was 3.5-fold higher than the specific
eYFP fluorescence obtained after maximal eyfp expression with the pEKEx2 system. Furthermore, it
was shown that proteins such as pyruvate kinase or secretory GFP proteins can also be successfully
produced in higher amounts with the T7 system than with the pEKEx2 system.

In the second part of this work, a genetically encoded biosensor for the cytoplasmic lysine concentration
was used to screen for mutated variants of pyruvate carboxylase (PCx), which enabled an improved L-
lysine production. PCx catalyzes the ATP-dependent carboxylation from pyruvate to oxaloacetate and
plays an important role as anaplerotic enzyme. It replenishes the tricarboxylic acid cycle during growth
on sugars when intermediates have been removed from the cycle by branching metabolic pathways.
This reaction is for example of great importance for L-lysine production and it has already been shown
that overexpression of the pyc gene as well as the mutation P458S in PCx lead to an increased L-lysine
yield in C. glutamicum. In order to find further advantageous mutations for lysine production, a plasmid-
based library with mutated pyc variants was generated in this work using error-prone PCR. Out of this
library, two PCx variants could be isolated with the help of the lysine biosensor pSenLys-Spec and
FACS-based high-throughput screening, which showed an increased lysine formation compared to the
strain with wild-type PCx. The variants PCxT343A, I1012S and PCxT132A enabled an increase of the lysine
titer by 9% and 19%, respectively, after plasmid-based overexpression of the respective genes in the
strain DM1868Δpyc/pSenLys-Spec. When the mutations were introduced one by one into the genome
of the lysine-producing strain DM1868, the variant PCxT132A produced 7% more lysine and PCxT343A 15%
more lysine compared to strain DM1868 encoding wild-type PCx.

In previous studies, PCx activity of C. glutamicum could only be measured with permeabilized cells. For
a more detailed characterization, conditions were established that enabled the measurement of PCx
activity in cell-free extracts and the isolation of the enzyme in active form. For purified PCx, Km values
of 3.8 mM for pyruvate, 0.6 mM for ATP, and 13.3 mM for bicarbonate were determined. ADP and as-
partate inhibited PCx activity with Ki values of 1.5 mM and 9.3 mM, respectively. Initial characterization
of the variants PCxT132A and PCxT343A revealed that their activity was not inhibited up to aspartate con-
centrations of approx. 7.5 mM. The Ki values of 13.2 mM for PCxT132A and 10.8 mM for PCxT343A were
higher than for wild-type PCx and provide an explanation for the increased lysine production obtained
with these variants in C. glutamicum.
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1.2 Summary German

Corynebacterium glutamicum ist einer der wichtigsten Modellorganismus in der Weißen Biotechnologie
und wird zur industriellen Produktion zahlreicher Aminosäuren, insbesondere von L-Glutamat und L-
Lysin, aber auch weiteren Metaboliten und Proteinen eingesetzt. Um die Einsatzmöglichkeiten dieses
Organismus für die Umwandlung von nachwachsenden Rohstoffen in industriell relevante Verbindun-
gen weiter auszubauen, wurden in der vorliegenden Arbeit zwei verschiedene Ansätze des Strain En-
gineering von C. glutamicum behandelt.

Im ersten Teil der Arbeit wurde ein neues Expressionssystem basierend auf einer chromosomal codier-
ten T7-RNA-Polymerase und einem Plasmid-basierten T7-Promoter in C. glutamicum etabliert und cha-
rakterisiert. Dafür wurde das T7 RNA-Polymerase-Gen (gene 1) unter Kontrolle des IPTG-induzierbaren
lacUV5 Promotors in den Prophagen-freien Stamm C. glutamicum MB001 integriert, was im Stamm
MB001(DE3) resultierte. Zusätzlich wurden die Expressionsplasmide pMKEx1 und pMKEx2 konstruiert,
in die Zielgene unter Kontrolle des T7-Promoters kloniert und bei Bedarf mit einem Polyhistidin-Tag oder
einem Strep-Tag fusioniert werden können. Das T7-Expressionssystem wurde zunächst mit dem Re-
portergen eyfp im Vergleich zum pEKEx2-System getestet, welches auf dem tac Promoter basiert. Hier-
bei wurde eine niedrigere Basalexpression des T7 Systems im Vergleich zum etablierten pEKEx2-Sys-
tem festgestellt. Die spezifische Fluoreszenz von eYFP stieg nach maximaler Induktion des T7-Systems
mit 250 µM IPTG um das 450-fache und war 3,5-fach höher als die spezifische eYFP-Fluoreszenz, die
nach maximaler eyfp-Expression mit dem pEKEx2-System erhalten wurde. Weiterhin konnte gezeigt
werden, dass auch Proteine wie die Pyruvat-Kinase oder sekretorische GFP-Proteine in höheren Men-
gen als mit dem pEKEx2-System produziert werden können.

Im zweiten Teil dieser Arbeit wurde ein genetisch kodierter Biosensor für die cytoplasmatische Lysin-
Konzentration verwendet, um nach Enzym-Varianten der Pyruvat-Carboxylase (PCx) zu screenen, die
eine verbesserte L-Lysin-Produktion ermöglichen. PCx katalysiert die ATP-abhängige Carboxylierung
von Pyruvat zu Oxalacetat und spielt eine wichtige Rolle als anaplerotisches Enzym. Es füllt den Tricar-
bonsäurezyklus während des Wachstums auf Zuckern wieder auf, wenn Zwischenprodukte durch ab-
zweigende Stoffwechselwege aus dem Zyklus entfernt worden sind. Diese Reaktion ist z.B. für die L-
Lysin-Produktion von großer Bedeutung und es konnte bereits gezeigt werden, dass eine Überexpres-
sion des pyc-Gens sowie die Mutation P458S in PCx zu einer erhöhten L-Lysin-Ausbeute in C. glutami-
cum führen. Um weitere vorteilhafte Mutationen für die Lysin-Produktion zu finden, wurde in dieser Ar-
beit eine Plasmid-basierte Bibliothek mit mutierten pyc-Varianten mittels Error Prone-PCR generiert.
Aus dieser konnten im Anschluss mit Hilfe des Lysin-Biosensors pSenLys-Spec und FACS-basiertem
Hochdurchsatz-Screening zwei PCx-Varianten isoliert werden, die eine gesteigerte Lysin-Bildung im
Vergleich zum Stamm mit der Wildtyp-PCx zeigten. Die Varianten PCxT343A, I1012S und PCxT132A ermög-
lichten eine Erhöhung des Lysin-Titers um 9% und 19% nach Plasmid-basierter Überexpression der
entsprechenden Gene im Stamm DM1868Δpyc/pSenLys-Spec. Wurden die Mutationen einzeln in das
Genom des Lysin-Produzenten DM1868 eingebracht, konnte mit der Variante PCxT132A 7% mehr Lysin
produziert werden, mit PCxT343A 15% mehr im Vergleich zum Stamm DM1868 mit Wildtyp-PCx.

In früheren Studien konnte die PCx-Aktivität von C. glutamicum nur mit permeabilisierten Zellen gemes-
sen werden. Für eine detailliertere Charakterisierung wurden Bedingungen geschaffen, die die Messung
der PCx-Aktivität in zellfreien Extrakten und die Isolierung des Enzyms in aktiver Form ermöglichten.
Für die gereinigte PCx wurden so Km-Werte von 3,8 mM für Pyruvat, 0,6 mM für ATP und 13,3 mM für
Bicarbonat bestimmt. ADP und Aspartat hemmten die PCx-Aktivität mit Ki-Werten von 1,5 mM bzw.
9,3 mM. Eine erste Charakterisierung der Varianten PCxT132A und PCxT343A ergab, dass ihre Aktivitäten
bis zu einer Aspartat-Konzentration von ca. 7,5 mM nicht gehemmt waren. Die Ki Werte waren mit
13,2 mM für PCxT132A und 10,8 mM für PCxT343A entsprechend höher und liefern damit eine erste Erklä-
rung für die erhöhte Lysin-Produktion, die mit diesen Varianten in C. glutamicum erzielt wurden. Für
PCxI1012S konnten keine signifikanten Unterschiede der gemessenen kinetischen Parameter im Ver-
gleich zu Wildtyp-PCx beobachtet werden.
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2 Introduction

2.1 Microbial biotechnology and metabolic engineering

In times of food and resource scarcity, a fundamental change in the industry towards more

environment-friendly solutions is required. Although fossil resources, in particular mineral oil,

are still the most important raw materials for the chemical industry, a switch towards a sustain-

able biotechnology is in progress. As a consequence, the white biotechnology is presently

getting more and more important to enable low-energy and low-cost production of valuable

compounds by living microorganisms, which can be grown on renewable feedstocks (Becker

and Wittmann, 2015; Erickson et al., 2012). Whereas in former times, microorganisms were

used unconsciously in fermentation processes of food and beverage for example (Cavalieri et

al., 2003; Vitorino and Bessa, 2017), nowadays they are exploited purposefully to synthesize

a wide range of different products of commercial interest, like nutrients, polymers, solvents or

pharmaceuticals in a stereo-, regio- and chemo-selective manner (Becker and Wittmann,

2015; Demain and Adrio, 2008). However, production by microorganisms as isolated from na-

ture is often low and a scale-up not always meaningful due to high nutritional requirements,

pathogenicity or other limitations. To overcome these limitations and to improve product titers,

the performance of the producer strains has to be optimized. In former times, random muta-

genesis of the whole genome followed by screening steps were often performed to isolate

mutants with improved production. This approach does not require a deeper knowledge of the

metabolic pathways and the regulatory processes of the production host (Nakayama et al.,

1978; Pfefferle et al., 2003; Rowlands, 1984). However, it led to strains with numerous muta-

tions of unknown function, which also could hamper growth or stress tolerance for example.

With the development of recombinant DNA techniques, rational optimization of producer

strains by metabolic engineering was established, which involves precise alterations of the

metabolic network to improve production. For example, the supply of precursors and cofactors

required for production of a certain metabolite can be increased, formation of by-products re-

duced or eliminated, and higher carbon fluxes into the desired biosynthesis pathways accom-

plished (Ikeda et al., 2006; Pickens et al., 2011; Sahm et al., 2000). Moreover, (over)expres-

sion of heterologous genes or even entire pathways from organisms which are difficult to cul-

tivate, enable an extension of the natural product range (Becker and Wittmann, 2015; Pickens

et al., 2011). Today, the most important microorganisms in white biotechnology are, inter alia,

Escherichia coli, Saccharomyces cerevisiae, and Corynebacterium glutamicum (Becker and

Wittmann, 2015; Demain and Adrio, 2008). Whereas E. coli and S. cerevisiae are used for the

production of pharmaceuticals (Walsh, 2018), biofuels (Peralta-Yahya et al., 2012) or other

chemicals (Jang et al., 2012), C. glutamicum has been mainly used for the production of L-

amino acids (Wendisch et al., 2014). However, in recent years C. glutamicum was shown to
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be an excellent production host for a wide range of other products, too. Therefore, the charac-

teristics that make C. glutamicum particularly interesting for industry are described in more

detail below.

2.2 Corynebacterium glutamicum - an industrial production workhorse

In the late 1950’s, C. glutamicum was discovered by Kinoshita et al. due to its ability to secrete

glutamate under biotin-limiting conditions (Kinoshita et al., 1957). It was characterized to be a

biotin-auxotrophic, non-sporulating and facultative anaerobic bacterium (Nishimura et al.,

2007; Michel et al. 2015), belonging to the phylum of Actinobacteria, which are characterized

by a high GC-content and a positive gram-staining (Ventura et al., 2007). It is closely related

to the human pathogenic species Corynebacterium diphtheriae, but also to Mycobacterium

tuberculosis and Mycobacterium leprae (Gao and Gupta, 2012). Because C. glutamicum itself

is an apathogenic organism and possesses a generally regarded as safe (GRAS) status, it is

often used as a model organism for the order Corynebacteriales. But the main focus of re-

search was directed on its ability to produce large amounts of different amino acids. Most

notably is the production of over three million tons of L-glutamate and more than two million

tons of the food additive L-lysine per year (Ajinomoto Co., 2016; Eggeling and Bott; 2015;

Sanchez et al., 2018).

In order to produce these amino acids efficiently, strains were initially optimized by ran-

dom mutagenesis and screening and later by metabolic engineering. A big leap forward was

achieved in 2003, when the complete genome of the type strain C. glutamicum ATCC13032

was sequenced (Ikeda and Nakagawa, 2003; Kalinowski et al., 2003). Since then, deep

knowledge of the metabolism and regulatory network of C. glutamicum was obtained (Becker

and Wittmann, 2012) and a broad spectrum of tools for genetic and metabolic engineering

developed (Baritugo et al., 2018; Kogure and Inui, 2018; Nesvera and Patek, 2011). As a re-

sult, C. glutamicum is today one of the most important producers of industrially relevant com-

pounds. In addition to the above mentioned L-lysine and L-glutamate, C. glutamicum is also

used to produce other amino acids (Wendisch et al., 2016; Stäbler et al., 2011; Vogt et al.

2014; Vogt et al. 2015), organic acids (Wieschalka et al., 2013), diamines (Nguyen et al., 2015)

or alcohols (Niimi et al., 2011; Blombach et al. 2011; Siebert and Wendisch, 2015) for example.

Apart from the mentioned products, the portfolio of compounds produced by C. glutamicum is

constantly increasing.

The fact that C. glutamicum has become an established platform organism for the biotech

industry is not least due to several advantageous properties, which appear to be suitable for

the production of valuable substances. An important factor for the industry is the use of cost-
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effective and renewable substrates, especially for large-scale fermentation. C. glutamicum al-

ready has a wide-ranging natural substrate spectrum and cultivation is possible on a huge

variety of different carbon sources like D-glucose, acetate, lactate but also organic acids and

alcohols (Arndt et al., 2008; Bäumchen et al., 2007; Stansen et al., 2005). Nowadays, a broad

research area focuses on the extension of this substrate spectrum, taking agricultural waste

streams into account (Mussatto et al., 2012). Thus, engineered C. glutamicum strains are now

also able to grow on further interesting substrates like glycerol (Rittmann et al., 2008), xylose

(Buschke et al., 2013), or cellobiose (Kotrba et al., 2003). Unlike other bacteria, C. glutamicum

can also utilize several carbon sources simultaneously, leading to higher production rates, as

the organism is able overcome possible limitations in sugar metabolism by transcriptional reg-

ulation of metabolic pathways (Blombach and Seibold, 2010; Krause et al., 2010). Another

important characteristic for the successful industrial scale cultivation of C. glutamicum is that

this organism is extremely robust against varying substrate and oxygen supply, as it is often

the case in large fermenters (Käß et al. 2014) as well as its ability to grow to very high cell

densities with growth rates of up to µ = 0.6 h-1 in minimal medium with 4% (wt/vol) D-glucose

(Graf et al., 2019; Unthan et al., 2014).

Besides its use as a production host of various bio-chemicals, C. glutamicum has been in-

creasingly established for recombinant protein production in recent years (Lee and Kim, 2018).

In this context, the great potential of the organism is not only due to the above-mentioned

properties for cultivation, but it also exhibits other advantageous physiological characteristics

for efficient (recombinant) protein production. One of it is its ability to efficiently secrete proteins

into the extracellular medium. For this, more than 108 functional signal sequences were iden-

tified for the secretion via the Sec- or twin arginine translocation (TAT)-secretion system in

C. glutamicum (Freudl, 2017; Watanabe et al., 2009). The production of secreted proteins has

several advantages over intracellular production, such as rapid and simplified downstream

processing, because the cells do not have to be disrupted for protein purification and there is

a lower concentration of other proteins outside the cell. The oxidative milieu of the extracellular

medium is also favorable for the formation of disulphide bonds, which are important for the

correct folding and the associated stability of many proteins (Freudl, 2018). Finally, unlike many

other soil bacteria C. glutamicum shows only a low protease activity and thus enables high

product yields (Lee and Kim, 2018; Yukawa et al., 2007).

All these points make C. glutamicum an important organism for the industry. Nevertheless,

despite the great progress in recent years, there is still the need to expand the corynebacterial

toolbox e. g. with strong expression systems for a sufficient protein production.
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2.3 Expression systems for overproduction of homologous and heterologous proteins
in C. glutamicum

The groundwork for the use of C. glutamicum as a host for the expression of homologous and

heterologous genes was laid by the discovery of 24 endogenous plasmids and the associated

research and development of different cloning and expression strategies in this organism

(Miwa et al., 1985; Santamaría et al., 1984; Tauch et al., 2003). Today, most vectors are based

on the plasmids pBL1 (Santamaría et al., 1984) and pCG1 (Ozaki et al., 1984), which are both

replicated via the rolling-circle mechanism (Archer and Sinskey, 1993; Fernandez-Gonzalez et

al., 1994). One of the best characterized plasmids of the pCG1 family is called pGA1 (Sonnen

et al., 1991). It encodes a RepA primase, which is necessary to initiate the replication of the

plasmid (Lei et al., 2002), in addition, the genes per and aes were identified to be important for

the replication of pGA1as well. Whereas the protein encoded by per has a positive influence

on the copy number of the plasmid (Nesvera et al., 1997), aes encodes an effector, which is

important for the segregational stability of the plasmid and influences the stable maintenance

of the plasmid in the cell (Venkova et al., 2001).

Based on the named plasmids, heterologous gene expression was already successfully es-

tablished in C. glutamicum (Freudl, 2017; Lee and Kim, 2018). For example, a nuclease of

Staphylococcus aureus (Liebl et al., 1992), the protease subtilisin from Bacillus subtilis

(Billman-Jacobe et al., 1995) or human epidermal growth factor, which was subsequently se-

creted into the extracellular medium, could be expressed in C. glutamicum (Date et al., 2006).

Thereby, genes are cloned under control of a promoter derived from E. coli for most of these

applications. A well-established expression system is the pEKEx2 plasmid (Eikmanns et al.,

1991). Here, the target gene is under control of the tac promoter (Ptac), which is repressed by

LacI in the absence of the inducer IPTG. The expression of lacI in turn is controlled by the

promoter lacIq (q stands here for quantity), which carries a mutation in its -35 sequence, thereby

allowing a 10-fold higher expression of the lacI gene (Calos, 1978). Nevertheless, this system

shows a relatively high basal expression of the target gene even in the absence of IPTG (Patek

et al., 2003). Therefore, another plasmid-based expression system was developed for C. glu-

tamicum, which is based on the TetR system (Lausberg et al., 2012). Here, the target gene is

cloned under control of the tetracycline-inducible tet promoter (Kamionka et al., 2006). Fur-

thermore, the repressor TetR is encoded on this plasmid as well and is constitutively expressed

by the native promoter of the gap gene (cg1791) encoding glyceraldehyde 3-phosphate dehy-

drogenase from C. glutamicum to prevent the expression of the target gene. This system has

a much lower basal expression of the target gene in comparison to pEKEx2, but its expression

strength is also considerably lower (Lausberg et al., 2012). Accordingly, no expression system

is available for C. glutamicum up till now, which enables a tight control of the basal expression

in the absence of an inducer, but promotes a high expression level after induction.
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2.3.1 T7 RNA polymerase-dependent gene expression systems

In 1985, a T7 RNA polymerase (T7 RNAP)-dependent gene expression system was developed

by Tabor and Richardson, which enabled a controlled expression of target genes in Esche-

richia coli (Tabor and Richardson, 1985). It is based on the monomeric polymerase of bacteri-

ophage T7, which is able to transcribe DNA about 5-times faster in comparison to the RNA

polymerase from E. coli (Chamberlin and Ring, 1973). Because of its high activity, processivity

and promoter specificity, almost all resources of the cell are used to produce the protein of

interest upon induction. As a result, the target gene product can constitute up to 50% of the

total protein amount in the cell (Studier and Moffatt, 1986; Tabor and Richardson, 1985). Dur-

ing the 1980’s, the T7 system was refined by Studier und Moffatt. By placing the gene of T7

RNAP, gene 1, under control of the lacUV5 promoter (Plac UV5), the expression of target genes

was now inducible by addition of IPTG (Studier and Moffatt, 1986). The construct was placed

on the λ-lysogen DE3, which was integrated into the genome of E. coli BL21, resulting in strain

E. coli BL21(DE3). Moreover, for a tight repression of the system in the absence of the inducer

IPTG, a constitutively expressed lacI gene encoding the LacI repressor as well as the operator

sequences O1-O3 are also located on the λ-DE3-sequence.

Figure 1 Schematic presentation of the T7 expression system in E. coli BL21(DE3). The gene of T7 RNAP,
gene 1, is chromosomally encoded under control the promoter PlacUV5. If no IPTG is added to the cell, the re-
pressor LacI, which is constitutively synthesized, binds to the operator sequence of Plac UV5 and  PT7lac.  As  a
consequence, the expression of gene 1 and the target gene is repressed, because no RNA polymerase can bind
to the promoter sequences anymore. When IPTG is added to the cell, it binds the repressor, which in turn is not
able to bind to the Lac operator sequences anymore. As a result, gene 1 is expressed by the host RNAP and the
synthesized T7 RNAP binds to PT7 on the expression plasmid and promotes the expression of the target gene.
For reasons of simplification, only one binding site of the operator is shown in the genome of E. coli BL21(DE3).
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To be able to transcribe the target gene by T7 RNAP it has to be under control of the T7

promoter PT7. This promoter does not naturally occur in E. coli and is highly selectively recog-

nized by T7 RNAP only (Chamberlin and Ring, 1973). Both, PT7 and the target gene controlled

by this promoter are located on an expression plasmid, which is transferred into E. coli

BL21(DE3). Nevertheless, even with the chromosomal copy of lacI in the λ-DE3 region a low

basal transcription of T7 RNAP occurs (Studier and Moffatt, 1986). Therefore, various T7-

based expression plasmids, like the well-established pET vectors, harbor a constitutively ex-

pressed lacI gene to increase the LacI concentration. In addition, a LacI-operator sequence is

cloned downstream of PT7 to ensure a tight repression of target gene expression in the absence

of IPTG, even at high copy numbers of the T7 expression plasmid (Dubendorff and Studier,

1991). The operating principle of the expression system is shown schematically in Figure 1. In

the absence of IPTG, lacI is constitutively expressed by the RNAP of E. coli. The repressor is

then able to bind two of the three operator sequences simultaneously (Kania and Brown, 1976).

Operator sequences 2 and 3 are also called pseudo-operator sequences, because their affinity

for LacI is relatively low compared to O1 and they only have a marginal effect on the repression

of Plac UV5 (Fried and Crothers, 1981; Pfahl et al., 1979). However, if LacI binds to O1, a loop is

formed between O1 and the second operator sequence, which prevents the binding of RNA

polymerase to the promoter (Bell and Lewis, 2000; Oehler et al., 1990). As a consequence,

gene 1 is not transcribed, no T7 RNAP is produced and the target gene under control of PT7

will not be expressed. After addition of IPTG, the inducer forms a complex with LacI, in which

the inducer promotes a conformation of LacI with lower binding affinity towards the operator.

The LacI-IPTG complex thereupon does not bind to the DNA anymore, and expression of the

target gene is possible (Daber et al., 2007). Because of high production rates and easy han-

dling, the T7 RNAP-dependent expression system has already been established in several

other organisms, like Rhodobacter capsulatus (Katzke et al., 2010), Bacillus megaterium

(Gamer et al., 2009) or Lactococcus lactis (Wells et al., 1993).
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2.4 The PEP–pyruvate–oxaloacetate node in C. glutamicum

Because of the importance of C. glutamicum for the industrial production of amino acids and

other metabolites, its central metabolism has been studied extensively. Of special interest is

the tricarboxylic acid (TCA) cycle, since it has a major role in energy production by complete

oxidation of acetyl-coenzyme A (acetyl-CoA) to CO2 (Bott, 2007). Moreover, the intermediates

of the cycle are interesting products for the industry itself, like succinate for example (Litsanov

et al., 2012; Wang et al., 2017). They serve as precursors for the production of a huge variety

of different compounds like organic acids, diamines, diols and most notably for the production

of amino acids of the glutamate and aspartate family. Since intermediates like 2-oxoglutarate

and oxaloacetate (OAA) are withdrawn for biosynthetic processes, the TCA cycle has to be

replenished with so-called anaplerotic reactions (from the Greek ἀνά= 'up' and πληρόω= 'to

fill'). In this context, the phosphoenolpyruvate (PEP)-pyruvate-OAA node is of special interest.

At this node C. glutamicum is able to regulate and balance the carbon fluxes between glycol-

ysis/gluconeogenesis and the TCA cycle. The PEP-pyruvate-OAA node of C. glutamicum com-

prises five enzymes which ensure the mutual conversion of C3- and C4-intermediates (Sauer

and Eikmanns, 2005).

Three enzymes are present, which are catalyzing the decarboxylation of OAA or malate to

PEP and pyruvate (Figure 2): The first one is the PEP carboxykinase (PEPCk), which catalyzes

the GTP-dependent decarboxylation of OAA to form PEP and CO2. Although the reaction is

generally reversible and could thus contribute to anaplerosis, the formation of OAA is strongly

inhibited under physiological conditions by ATP. Therefore, its main function is attributed to

gluconeogenesis (Jetten et al., 1994; Riedel et al., 2001). A second enzyme called malic en-

zyme (MalE) was found in C. glutamicum to catalyze the reversible decarboxylation of malate

to form pyruvate and CO2. During this reaction NADP+ is reduced to NADPH (Gourdon et al.,

2000). The carboxylation of pyruvate with this enzyme shows a fivefold lower maximal velocity

compared to the decarboxylation reaction, pointing out that decarboxylation is the main reac-

tion of this enzyme under physiological conditions (Gourdon et al., 2000). The third enzyme is

oxaloacetate decarboxylase (ODx). ODx performs the irreversible decarboxylation of OAA to

pyruvate (Jetten and Sinskey, 1995; Klaffl and Eikmanns, 2010). Even if ODx could in principle

catalyze the first reaction of gluconeogenesis, its involvement in this pathway can almost be

excluded. Analyses of a PEPCk negative mutant grown on acetate or L-lactate as sole carbon

source suggest that no PEP synthetase exists in C. glutamicum, which would be necessary

for the subsequent conversion of pyruvate to PEP. Therefore, the main function of ODx in

C. glutamicum remains further unknown (Klaffl and Eikmanns, 2010; Riedel et al., 2001).
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Unlike many other organisms, C. glutamicum possess two C3-carboxylating enzymes, PEP

carboxylase (PEPCx) and pyruvate carboxylase (PCx). PEPCx catalyzes the carboxylation of

PEP to form OAA (Eikmanns et al., 1989; Mori and Shiio, 1985). Kinetic characterization of

this enzyme revealed a specific activity of 0.6 µmol min-1 mg-1 in cell-free extracts of C. glu-

tamicum. Higher activities were determined in the presence of acetyl-CoA and fructose 1,6-

bisphosphate, whereas aspartate, citrate, malate, succinate and 2-oxogluterate inhibited the

enzyme (Eikmanns et al., 1989; Mori and Shiio, 1985). The regulatory properties of PEPCx

and its high specific activity suggest a major role of the enzyme in anaplerosis under glycolytic

conditions and consequently in the production of amino acids derived from the TCA cycle.

Nevertheless, since the deletion of the ppc gene encoding PEPCx had no effects on growth

and lysine production, a second enzyme was predicted to be present in C. glutamicum (Cremer

et al., 1991; Gubler and et al., 1994; Peters-Wendisch et al., 1993; Tosaka et al., 1979). With
13C-nuclear magnetic resonance (13C-NMR) and gas chromatography-mass spectrometry

analysis as well as H13CO3–labelling experiments, PCx was found to be the second enzyme

(Park et al., 1997; Peters-Wendisch et al., 1996). In vivo flux analysis revealed that both en-

zymes, PCx as well as PEPCx, are active in cells growing on glucose. However, the PCx

reaction contributes with more than 90% to OAA synthesis from C3 precursors, whereas

Figure 2 The PEP–pyruvate–OAA node in C. glutamicum. Dotted arrows include several reaction steps,
whereas solid arrows represent single reactions. Anaplerotic reactions and enzymes are shown with red arrows
and boxes. Blue arrows and boxes indicate decarboxylation reactions and enzymes of the PEP-pyruvate-OAA
node. Additional reactions which are relevant for lysine production and growth are shown in grey. Abbreviations:
PEPCx – PEP carboxylase; PEPCk – PEP carboxykinase; PCx – pyruvate carboxylase; ODx – OAA decarbox-
ylase; MalE – malic enzyme.
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PEPCx contributes only 10% (Petersen et al., 2000). Since a mutant of C. glutamicum lacking

both the ppc gene for PEPCx and the pyc gene for PCx is not able to grow on carbohydrates,

one can assume that no further enzymes exist in this organism for OAA synthesis via C3 car-

boxylation (Peters-Wendisch et al., 1998).

2.4.1 The pyruvate carboxylase

PCx is a ubiquitously present enzyme in bacteria, archaea and eukaryotic cells as well

(Jitrapakdee et al., 2008). Two major classes of PCxs are known, which differ in their structural

organization. In the α4β4 form, PCx consists of two polypeptides with a mass of ∼55 kDa (α)

and ∼70 kDa (β) (Jitrapakdee et al., 2008). This type is mostly found in archaea, like Methano-

coccus sp., but also in some bacteria like Pseudomonas spp. or Azotobacter sp. In contrast,

the α4 form is composed of a single polypeptide with a mass of about ∼130 kDa (Jitrapakdee

et al., 2008). This α4 type PCx is more widespread, e.g. in fungi, vertebrates and invertebrates,

and in most bacteria such as C. glutamicum. For both types, each subunit consists of an N-

terminal biotin carboxylase domain (BC), a carboxyl transferase domain (CT), an allosteric or

tetramerization domain (PT) and a C-terminal biotin carboxyl carrier protein domain (BCCP)

(Attwood, 1995).

The overall reaction of PCx can be divided into two steps (Attwood, 1995; Menefee and
Zeczycki, 2014):

enzyme-biotin + MgATP + HCO3
- → enzyme-biotin-CO2 + MgADP + Pi

enzyme-biotin-CO2- + pyruvate → enzyme-biotin + oxaloacetate

In C. glutamicum, PCx (EC 6.4.1.1) was characterized as a polypeptide of 1140 amino acids

with a calculated mass of 123 kDa (Peters-Wendisch et al., 1998). Sequence analysis revealed

76% amino acid similarity to PCx of M. tuberculosis and over 60% similarity to the PCx en-

zymes of Rhizobium etli, Bacillus stearothermophilus or humans (Peters-Wendisch et al.,

1998). These results underline the high level of conservation of the enzyme even across dif-

ferent kingdoms. The conserved sequence motif of the biotin binding site M-K-M was found in

the corynebacterial PCx at position 1105-1107, with biotin bound covalently to the central ly-

sine residue (Peters-Wendisch et al., 1998).

PCx activity from C. glutamicum was dependent on pyruvate, MgATP and HCO3
- (Peters-

Wendisch et al., 1997). Aspartate and ADP inhibited the enzyme with Ki values of about 15 mM

and 2.6 mM, respectively (Koffas et al., 2002; Peters-Wendisch et al., 1997). But whereas

other PCxs of the α4-type are activated by acetyl-CoA to different degrees (Adina-Zada et al.,

2012), PCx from C. glutamicum seemed to be inhibited by this effector with a Ki of 0.11 mM

(Peters-Wendisch et al., 1997). Probably because of the high instability of PCx from C. glu-

tamicum, its activity could only be measured in permeabilized cells and purification of an active
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enzyme was impossible up till now (Koffas et al., 2002; Peters-Wendisch et al., 1997; Uy et

al., 1999).

The role of PCx of C. glutamicum for amino acid production and growth on different carbon

sources has been thoroughly analyzed. It was shown that PCx is dispensable for growth in

minimal medium containing glucose or acetate as sole carbon source. In contrast, a PCx-de-

ficient C. glutamicum strain was not able to grow on lactate as sole carbon source and its

function cannot be replaced by PEPCx in this case (Peters-Wendisch et al., 1998; Peters-

Wendisch et al., 1997). This phenotype of the PCx-negative mutant also indicates the absence

of a PEP synthase, which together with PEPCx would have been able to bypass the reaction

of the PCx and thus enable growth on lactate (Peters-Wendisch et al., 1998). Regarding the

production of amino acids derived from the TCA cycle, it was found that PCx takes over the

main function in anaplerosis compared to PEPCx. Concerning glutamate production, the dele-

tion or overexpression of PEPCx had almost no effect on the production of the amino acid,

whereas a PCx-negative mutant showed a reduced production of about 40% (Delaunay et al.,

1999; Peters-Wendisch et al., 2001). On the other hand, overexpression of pyc caused a pro-

portional increase in glutamate production as well as an increase of more than 150% in ho-

moserine production (Peters-Wendisch et al., 2001). Moreover, PCx was shown to be an im-

portant enzyme for the production of lysine, which is derived from OAA. An increased flux from

pyruvate to OAA caused by overexpression of pyc increased L-lysine production by about 50%

in C. glutamicum, whereas the deletion of pyc caused a decrease in lysine production by about

60% (Peters-Wendisch et al., 2001). In summary, these results demonstrate the importance

of PCx for optimization of C. glutamicum strains producing metabolites derived from the TCA

cycle.

2.4.2 L-Lysine production with C. glutamicum

L-Lysine is an essential amino acid that is mainly used as an additive in animal feed, to ensure

a low-cost production of swine and poultry. By adding lysine to the feed, the nutritional require-

ments of the animals can be better met and restrictions in the protein source can be overcome.

This allows the use of a more cost-effective protein source that contains naturally lower levels

of lysine, such as corn instead of soy, without restrictions in the fattening (Eggeling and Sahm,

1999). In addition, the excretion of nitrogen, which would otherwise pollute the environment,

can be reduced by supplementation of the feed with lysine. Today, more than 2,200,000

tons/year L-lysine are produced in fermentation processes mostly by C. glutamicum with a

market volume of more than €1.22 billion and an annual growth of ~7% (Eggeling and Bott,

2015). For a competitive large-scale production of L-lysine, it is particularly important to reduce

production costs through the efficient use of the carbon source, reduced energy consumption
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and minimized waste production. Therefore, in addition to the optimization of the manufactur-

ing process, e.g. by improved cultivation strategies and downstream processing, also strain

optimization of C. glutamicum is of essential importance for industrial research (Kelle et al.,

2005). The first strains used for lysine production were already available in in the early 60’s

and were derived by random mutagenesis and subsequent strain selection (Kinoshita et al.,

1961; Nakayama et al., 1978; Pfefferle et al., 2003). These approaches strongly improved L-

lysine production by C. glutamicum and strains were already able to accumulate more than

100 g l-1 L-lysine-HCl with conversion yields up to 50% (Ikeda, 2003; Leuchtenberger, 1996).

Hundreds of mutations can be found in those strains, but their effect on L-lysine production is

known for only a few of them. Additionally, these strains are often auxotrophic for e.g. L-ho-

moserine or L-leucine and show a low stress tolerance and delayed growth (Kelle et al., 2005;

Ohnishi et al., 2002). Nowadays, research is focused on the construction of minimally mutated

strains, to exclude those unintended effects for L-lysine production. The profound understand-

ing of L-lysine biosynthesis and its regulation in C. glutamicum that is required for rational strain

optimization was gained by analyzing its proteome (Schaffer et al., 2001), the fluxome

(Wittmann et al., 2004), the metabolome (Drysch et al. 2003; Bolten et al., 2007) and also the

transcriptome (Wendisch, 2003). Improvements in L-lysine production with C. glutamicum are

now focused on the downregulation of competing pathways, increasing the sugar uptake as

well as precursor and cofactor supply, like OAA and NADPH, respectively, and introducing

feedback-resistant enzymes to overcome limiting reactions in the pathway (Eggeling and Bott,

2015; Kelle et al., 2005).

A key enzyme for improved L-lysine production is the aspartate kinase LysC, which catalyzes

the first step in the biosynthesis of L-lysine and other amino acids of the aspartate family, like

L-threonine and L-methionine (Figure 3). This enzyme is strongly feedback-inhibited by lysine

and threonine in the wild-type and its deregulation is considered to be one of the most im-

portant steps towards increased L-lysine production in C. glutamicum (Cremer et al., 1991).

Up to now, more than 20 different amino acid mutations are known in LysC that alter its allo-

steric regulation causing an increased L-lysine production, like the commonly used mutation

T311I (Ohnishi et al. 2002; Chen et al., 2011; Schendzielorz et al., 2014). Another relevant

mutation for L-lysine production is associated to the homoserine dehydrogenase Hom, V59A,

causing a decreased activity of the enzyme (Ohnishi et al. 2002; Figure 3). By that, L-threonine

synthesis is reduced and in turn the carbon flux gets redirected into L-lysine biosynthesis. An

increased flux through the lysine biosynthetic pathway can also be achieved by overexpressing

genes of the metabolic pathway itself, such as dapB, ddh or lysA, (Becker et al. 2011; Figure

3). Since for the production of one mole L-lysine four moles of NADPH are required, sufficient

availability of the cofactor NADPH is essential for lysine overproduction.
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Figure 3 L-Lysine biosynthesis pathway and central metabolism of C. glutamicum. Examples of deleted or
downregulated enzymes causing an increased L-lysine production are marked in red. Enzymes, which increased
activities caused by mutations or overexpression, leading to a higher L-lysine production are marked in green.
Additionally, feedback inhibition of enzymes of the lysine biosynthesis pathway are shown by dotted lines marked
in dark blue. Enzyme abbreviations: DapB – dihydrodipicolinate reductase; Ddh – diaminopimelate dehydrogen-
ase; Fbp – fructose 1,6-bisphosphatase; G6PD – glucose 6-phosphate dehydrogenase; Hom – homoserine de-
hydrogenase; LysA – diaminopimelate decarboxylase; LysC – aspartate kinase; 6PGD – 6-phosphogluconate
dehydrogenase; PCx – pyruvate carboxylase; PEPCx – PEP carboxylase; PEPCk – PEP carboxykinase; Tal –
transaldolase; Tkt – transketolase. Metabolite abbreviations: Glu - L-glutamate; 2-OG – 2-oxoglutarate; NADP(H)
– nicotinamide adenine dinucleotide phosphate (oxidized/reduced state); PEP – phosphoenolpyruvate.
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In this context, the pentose phosphate pathway (PPP) has been identified as a main pathway

for the regeneration of this cofactor and different strategies have been developed to force an

increased metabolic flux through the PPP (Becker et al. 2005). This includes the overexpres-

sion of the fbp gene, coding for fructose 1,6-bisphosphatase (Becker et al., 2005) as well as

overexpression of the tkt operon, encoding the glucose 6-phosphate dehydrogenase (G6PD),

transaldolase (Tal), transketolase (Tkt) and 6-phosphate dehydrogenase (6PGD) (Becker et

al., 2011). Additionally, a S361F mutation in 6PGD releases the enzyme from feedback inhibi-

tion of different intracellular metabolites, like fructose 1,6-bisphosphate, ATP and NADPH

(Ohnishi et al., 2005). Moreover, it was shown, that an increased precursor supply of OAA and

aspartate has a positive effect on the lysine production rate in C. glutamicum. For instance, a

deregulated PEPCx, caused by the mutation N917G, resulted in a significantly improved lysine

production of almost 37% compared to the wild-type PEPCx (Chen et al., 2014). The deletion

of PEPCk, catalyzing the counter-reaction from OAA to PEP caused an increase in lysine pro-

duction as well, whereas the overexpression of the corresponding gene had the opposite effect

and lysine production was reduced (Petersen et al., 2001). The second C3-carboxylating en-

zyme, PCx, is also an important target for metabolic engineering in lysine-producing C. glu-

tamicum strains. As mentioned already before, by overexpressing the pyc gene, L-lysine pro-

duction was increased by almost 50% due to an increase of the precursor OAA (Peters-

Wendisch et al., 2001). Moreover, the mutation P458S was also found to increase the carbon

flux towards OAA when introduced into PCx and by that enabling a higher lysine production

(Ohnishi et al., 2002), however, the effect of the mutation on the PCx has not yet been further

characterized.

2.5 Sensor-based enzyme optimization in C. glutamicum

Metabolic engineering of bacterial production strains has clearly become a driving momentum

in recent years. However, the growing demand for better and more efficient production strains

of a constantly growing product range also requires better and, above all, faster screening

methods. Especially screening techniques for producer strains of small molecules that do not

cause a specific phenotype have so far proven to be laborious, since the production of the

desired compound could only be determined in low- to medium-throughput screening proce-

dures using chromatography or mass spectrometry for example (Dietrich et al., 2010; Zhang

et al., 2015). Even though this method is suitable for rational strain engineering, in which e.g.

selected amino acids are mutated with a predicted effect on the activity of a certain enzyme

and only a smaller number of strains have to be tested for a higher production rate (Chen et

al., 2011), most of the known useful mutations were (so far) unpredictable and were discovered

by undirected mutagenesis. For example, the lysine-producing strain C. glutamicum B-6 was
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constructed from the wild-type strain ATCC13032 by several rounds of random mutagenesis

and subsequent selection steps (Hirao et al., 1989). But not until 10 years after the publication

of this strain the mutations primarily responsible for the increased L-lysine production were

identified, including the mutation T311I in the aspartate kinase LysC, P458S in the PCx and

V59A in the homoserine dehydrogenase Hom (Ohnishi et al., 2002). However, even strains in

which several known beneficial mutations have been combined by metabolic engineering pro-

cesses can hardly compete with classical production strains in terms of lysine production.

Figure 4 Principle and application of transcription factor-based biosensors. (A) Upon sensing increased
levels of a specific metabolite, the transcription factor (TF) binds to the operator sequence of its target promoter
and thereupon regulating its transcriptional activity. By placing a gene encoding a reporter protein with an optical
or biochemical output under control of the regulated promoter, the metabolite concentration is coupled to this
output and can be easily visualized. (B) Transcription factor-based biosensors can be used in high-throughput
approaches using FACS to screen large enzyme libraries for variants enabling increased metabolite formation.
For this purpose, a (plasmid-based) mutant library of the target gene is generated and subsequently transferred
into cells equipped with a biosensor encoding an autofluorescent protein (AFP) like eYFP under control of the
TF-regulated promotor. If an enzyme variant of the mutant library then enables an increased metabolite produc-
tion in the cell, the fluorescence of the cell also increases. Subsequently, the fluorescence of each cell can be
measured and quantified individually with FACS analysis and cells showing a higher fluorescence and hence
increased metabolite production can be directly selected for further analysis, e.g. sorted directly on agar plates.
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Likewise, the strain, in which all three mutants mentioned above were combined, showed a

lower lysine accumulation of about 16% compared to strain B-6 (Ohnishi et al., 2002).

Therefore, a new approach for high-throughput screening has been developed, in which

genetically encoded biosensors are used in combination with fluorescence-activated cell sort-

ing (FACS) to screen millions of cells individually for their production of a desired metabolite in

vivo within a very short time (Binder et al., 2012; Mustafi et al., 2015). For this purpose, the

desired intracellular metabolite formation is directly converted into an easily detectable and

measurable output like a fluorescence signal by using transcription factor-based biosensors

(Figure 4A). In general, transcription factors are important for the cell to adapt gene expression

at the transcriptional level to certain stimuli such as (intracellular) concentrations of small mol-

ecules, but also inorganic ions or physical quantities like pH or temperature. The sensor pSen-

Lys, for instance, is based on the transcriptional regulator LysG, which senses increased in-

tracellular concentrations of the basic amino acids L-arginine, L-histidine and L-lysine

(Bellmann et al., 2001; Binder et al., 2012). Naturally, LysG activates the transcription of the

lysine exporter gene lysE when the cytoplasmic concentrations of lysine, arginine or histidine

reach high levels (Bellmann et al., 2001), but in case of pSenLys the promotor of lysE is fused

to the eyfp gene encoding enhance yellow fluorescent protein eYFP (Binder et al., 2012).

Thereby, increased intracellular concentrations of basic amino acids cause an increased syn-

thesis of eYFP and thus an increased fluorescence of the cell. The fluorescence of single cells

can be measured and quantified by fluorescence-activated cell sorting (FACS) analysis, which

enables analysis of up to 10,000 cells per second (Figure 4B). The sensor pSenLys has al-

ready been used successfully to screen a library of C. glutamicum cells obtained by genome-

wide random chemical mutagenesis for mutants with increased lysine production (Binder et

al., 2012). Besides mutations in known target genes, the approach also led to the discovery of

previously unknown mutations that enable lysine overproduction, such as MurEG81E and Mu-

rEL121F. MurE is an essential protein for murein biosynthesis that uses meso-diaminopimelate,

which is also the precursor of lysine, as substrate (Binder et al., 2012). Presumably the G81E

and L121F mutations cause a decreased activity of MurE. In another approach, pSenLys was

used in a gene-directed approach to isolate feedback-resistant variants of the key enzymes of

lysine, arginine, and histidine biosynthesis, i.e. aspartate kinase (LysC), N-acetyl-glutamate

kinase (ArgB), and ATP phosphoribosyltransferase (HisG) (Schendzielorz et al., 2014). In the

case of LysC, 11 variants were isolated in just one screening step, which were able to produce

comparable or even two-fold higher amounts of L-lysine compared to the known feedback-

resistant variant LysCT311I (Schendzielorz et al., 2014). Other successful screening approaches

with transcriptional biosensors in C. glutamicum targeted for example increased production of
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L-valine (Mahr et al., 2015; Mustafi et al., 2012; Mustafi et al., 2014) or L-serine (Zhang et al.,

2018). These results clearly emphasize the power and potential of this screening method.

2.6 Aims of this thesis

In this thesis, two very different topics were addressed to further expand and increase the

potential of Corynebacterium glutamicum in white biotechnology. The first part of this work

aimed at the establishment of a T7 RNA polymerase-based gene expression system in C. glu-

tamicum. Despite the enormous potential of C. glutamicum for the expression of homologous

and heterologous genes, there is still no strong and tightly controlled expression system avail-

able. Due to the excellent properties of the T7 expression system and its successful transfer

from E. coli into various other bacteria, it was considered as a very attractive system to be

established also in C. glutamicum. For this purpose, C. glutamicum MB001 (Baumgart et al.,

2013) should be used as parent strain for genomic integration of the key genetic elements of

the T7 system from λDE3. In strain MB001 the three prophages CGP1-3 have been deleted,

which caused an increased eyfp expression up to 40% compared to the wild-type strain

ATCC13032 (Baumgart et al., 2013). This effect might be due to the fact that the genes of a

restriction modification system located within the prophage CGP3 have been removed, result-

ing in a higher copy number of plasmids in strain MB001. Besides the T7-RNAP-encoding

C. glutamicum strain, suitable expression vectors with the T7 promoter should to be con-

structed. Finally, the system should be characterized by expression of several target genes

and compared to established expression systems.

The second part of this thesis is focused on the enzyme PCx. For C. glutamicum it was shown

that PCx is a very important anaplerotic enzyme and a bottleneck for the production of various

intermediates of the TCA cycle and of metabolites derived from the TCA cycle, such as L-

glutamate and L-lysine. Therefore, PCx represents a highly interesting target for metabolic

engineering (Peters-Wendisch et al., 2001). The first goal was to find improved variants of PCx

that enable an increased production of L-lysine in C. glutamicum. Until now, it was believed

that there is no selectable phenotype for improved PCx variants (Ohnishi et al., 2002). With

the establishment of the genetically encoded lysine biosensor pSenLys (Binder et al., 2012), a

tool became available that might allow the high throughput-screening for improved PCx vari-

ants, as such variants should lead to improved lysine production. To test this idea, a plasmid-

based pyc mutant library was constructed by error-prone PCR, transferred into a suitable

pSenLys-carrying reporter strain of C. glutamicum and then screened by FACS for single cells

showing increased fluorescence. In order to be able to characterize the isolated PCx variants

in more detail afterwards, a suitable enzyme assay was required. Until now, the activity of PCx

and the influence of different effectors on it could only been determined with permeabilized
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cells and discontinuous assays (Peters-Wendisch et al., 1998; Uy et al., 1999), due to the

lability of the enzyme. Therefore, conditions and methods should be developed in this thesis

that stabilize the enzyme and enable the measurement of PCx activity in cell-free extracts and

purification of the enzyme.
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3 Results
In this doctoral thesis the overarching theme was to optimize C. glutamicum for the production

of industrially relevant compounds from renewable carbon sources. In the first part of this the-

sis a new expression system based on T7 RNA polymerase was constructed and character-

ized. The results are presented in one original publication. In the second part, pyruvate car-

boxylase (PCx) was optimized for L-lysine production and then characterized in more detail.

The results were described in two original publications.

The first publication "A chromosomally encoded T7 RNA polymerase-dependent gene expres-

sion system for Corynebacterium glutamicum: construction and comparative evaluation at the

single-cell level” describes the construction and characterization of a T7 RNA polymerase-

based expression system in C. glutamicum. For this purpose, gene 1 encoding T7 RNA poly-

merase was integrated into the genome of the prophage-free strain C. glutamicum MB001 un-

der control of the lacUV5 promoter. For characterization of the system, different target genes

were then cloned into the newly constructed expression vector pMKEx2 under control of the

T7 promoter. After addition of IPTG, T7 RNA polymerase is synthesized and in turn selectively

enables the expression of the target gene upon binding to the T7 promotor. The properties of

the system were initially analyzed by the expression of the reporter gene eyfp. A 3.5-fold higher

specific eYFP fluorescence could be obtained with the T7 system in comparison to the estab-

lished pEKEx2 system. Cells in which eyfp was expressed via the T7 system also showed a

highly uniform population with more than 99% of all cells showing a high fluorescence. At the

same time, a lower basal expression in the non-induced state was observed with the T7 system

compared to pEKEx2. The functionality of the T7 system was further underlined by the expres-

sion of the pyruvate kinase gene (pyk). After induction with 250 µM IPTG, pyruvate kinase

activity of cell-free extracts of C. glutamicum MB001(DE3) with pMKEx2-pyk increased about

50-fold.

In the second publication “Pyruvate carboxylase variants enabling improved lysine production

from glucose identified by biosensor-based high-throughput fluorescence-activated cell sorting

screening” a pyc mutant library was prepared via error-prone PCR and screened for variants

which enable a higher L-lysine production in C. glutamicum DM1868Δpyc. Lysine production

was analyzed at the single cell level via the lysine biosensor pSenLys-Spec using FACS. Fi-

nally, two enzyme variants were found to cause higher lysine production. After plasmid-based

expression of pycT343A; I1012S, C. glutamicum DM1868Δpyc was able to produce about 9% more

lysine compared to the strain expressing wild-type pyc. The second variant identified was

PCxT132A, which caused an increase in lysine production of about 19% after plasmid-based

expression. Subsequently, each of the mutations T343A and T132A could be successfully in-

tegrated into the genome of C. glutamicum DM1868. Lysine production of strains DM1868
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pycT132A and DM1868 pycT343A was increased about 7% and 15%, respectively, compared to

the parental strain DM1868.

In the third publication “Pyruvate carboxylase from Corynebacterium glutamicum: purification

and characterization” conditions were identified that enabled stabilization, activity measure-

ments in cell-free extracts, and purification of the labile PCx of C. glutamicum. Purification of

PCx was achieved by avidin affinity chromatography and gel filtration. After that, Vmax values

between 20 and 25 μmol min−1 mg−1 of PCx were determined in a coupled enzyme assay with

malate dehydrogenase. Km values of 3.76 mM for pyruvate and of 0.61 mM for ATP were

measured. For bicarbonate concentrations ≤5 mM, no activity of PCx could be measured. At

higher bicarbonate concentrations, half-maximal activity of PCx was determined at 13.25 mM.

As previously shown in enzyme assays with permeabilized cells, PCx activity is inhibited by

ADP and aspartate with apparent Ki values of 1.5 mM and 9.3 mM, respectively. Acetyl-CoA,

however, showed only a weak inhibitory effect on PCx activity up to a concentration of approx.

50 µM, which was even reversed at higher concentrations. This result differs from previously

reported data obtained with permeabilized cells.
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4 Discussion

4.1 Establishing a T7 RNA polymerase-dependent gene expression system in Coryne-
bacterium glutamicum

In biotechnology it is of great importance to be able to overproduce proteins in large amounts.

On the one hand, the proteins itself can be the product of interest for the industry and therefore

an efficient overexpression of the corresponding gene is necessary. One example is the re-

combinant production of insulin, which is nowadays almost exclusively produced in recombi-

nant E. coli or Saccharomyces cerevisiae strains (Landgraf and Sandow, 2016; Wong, 2018).

On the other hand, gene expression systems are needed for the characterization of proteins

to allow the efficient synthesis of the respective protein in order to study its structures and

physiological functions. Because of the low costs and easy handling, in many cases bacteria

are preferred as expression host, like E. coli or Bacillus subtillis (Georgiou and Valax, 1996).

Even though C. glutamicum seems to be very suitable as an expression host as well, no strong

and at the same time tightly regulated system for the expression of heterologous proteins has

been constructed so far. The plasmid-based pEKEx2 system, in which the target gene is

cloned under the control of the IPTG-inducible promoter Ptac, is one of the most frequently used

systems to date for C. glutamicum (Eikmanns et al., 1991). Nevertheless, the system shows

basal expression in the absence of the inducer and the promoter only allows a moderate ex-

pression rate after induction (Patek et al., 2003). Other systems, such as pCLTON2, show a

reduced basal expression compared to the pEKEx2 system, but the expression level of the

target gene is after induction by anhydrotetracycline (ATc) even lower than for pEKEx2

(Lausberg et al., 2012).

Therefore, we established the widely used T7 RNA polymerase-dependent expression

system (Studier and Moffatt, 1986) in C. glutamicum. The corynebacterial system was con-

structed analogously to the T7 expression system of E. coli BL21(DE3) and allows expression

of the target gene after induction via IPTG. Therefore, a 4.5 kb DNA fragment was amplified

from the genome of E. coli BL21(DE3) containing the repressor gene lacI under the control of

its native promoter, lacZα, and T7 gene 1, the latter two under the control of the lacUV5 pro-

moter, including three LacI operator sites. This DNA fragment was integrated into the genome

of the prophage-free strain C. glutamicum MB001 (Baumgart et al., 2013) resulting in the strain

C. glutamicum MB001(DE3). In strain MB001, the prophages CGP1-3 and by that also the

restriction modification (RM)-system located within CGP3, are deleted (Baumgart et al., 2013).

It was shown that this genome reduction enabled up to 40% higher expression of eyfp with the

plasmid pEKEx2-eyfp compared to the wild-type ATCC13032 (Baumgart et al., 2013), which

made this strain particularly suitable as a platform strain for the T7 expression system. Addi-

tionally, the plasmid pMKEx2 was constructed, in which the desired gene can easily be cloned
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under control of the strong T7 promoter. For the construction of this plasmid, the expression

cassette of the vector pET52b(+) with an N-terminal Strep-tag II and a C-terminal His-tag was

cloned into the backbone of the corynebacterial pJC1 vector. In order to extend the range of

options for easy purification of the desired protein, the expression plasmid pMKEx1 was also

constructed, but not further characterized in this work. Here, the expression cassette of pET-

TEV1 with an N-terminal His-tag was inserted into the pJC1 backbone. Construction and ap-

plication of this vector are described in a paper by Schulte et al. (Schulte et al., 2017). In the

course of this work, the newly constructed system in C. glutamicum was characterized by the

expression of different genes and compared with other existing systems.

4.1.1 Potentials and limitations of the T7 RNA polymerase-dependent gene expression sys-
tem in C. glutamicum

In order to characterize the usability and potential of the newly constructed T7 expression sys-

tem, first, the expression of the reporter gene eyfp was characterized. The amount of the pro-

duced eYFP and at the same time the maximal specific fluorescence, i.e. maximal fluores-

cence per cell density after growth for 24 h, of eYFP increased proportionally to the added

quantity of the inducer IPTG. The specific fluorescence increased up to 450-fold and its maxi-

mum was observed after addition of 250 µM IPTG, which is far below the previously added

standard quantity of 1 mM used e.g. for pEKEx2-based expression. Moreover, the results also

showed that PT7 is not recognized by the corynebacterial RNAP, thus allowing a tightly con-

trollable expression with the T7 system in C. glutamicum.

Compared to the well-established pEKEx2 system, in which eYFP was cloned under the con-

trol of the IPTG-inducible Ptac, the maximal specific fluorescence of eYFP was about 3.5-fold

higher. Reasons for the higher expression level can be explained by several beneficial char-

acteristics of the T7 RNAP over the native polymerase of C. glutamicum, which is used for

expression in the pEKEx2 system but also other expression systems like the pCLTON2 system

(Eikmanns et al., 1991; Lausberg et al., 2012). One probable explanation is the high transcrip-

tion rate of T7 RNAP, which elongates RNA strands up to 5 times faster than bacterial RNAP

(Chamberlin and Ring, 1973; Golomb and Chamberlin, 1977). In addition, the corynebacterial

polymerase is dependent on cofactors such as MgCl2 to enable the recognition of promoter

sequences (Patek and Nesvera, 2011), whereas the T7 RNAP does not require any further

cofactors in the cell (Studier and Moffatt, 1986). Since the corynebacterial RNAP recognizes

all native promoters of the host genome and not only the one of the target gene, less RNAP is

available for the target promoter (Nesvera et al., 2012), leading to lower expression levels

compared to T7 RNAP, which binds only to the promoter of the target gene. In addition to

differences of both polymerases, the vectors on which the target gene is encoded can also be

decisive for the expression level. While pEKEx2 has a replication origin of the cryptic plasmid
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pBL1 (Santamaría et al., 1984), in pMKEx2 the replication is regulated by genes of the plasmid

pCG1 (Ozaki et al., 1984). Although both plasmids are replicated via a rolling circle mecha-

nism, the copy numbers differ from 10-30 copies for pBL1 to 30 copies for pCG1 (Nesvera et

al., 1997; Santamaría et al., 1984). To investigate the influence of both origins on the expres-

sion level, the expression cassette of the pEKEx2 vector should also be cloned into the pJC1

vector (Cremer et al., 1991), the backbone of pMKEx2, and subsequently expression of a tar-

get gene should be compared with pMKEx2.

At the same time, a lower basal expression in the absence of the inducer IPTG was

measured with the T7 system compared to the pEKEx2 system. This can be explained by the

double repression of LacI, blocking both, the expression of the lacUV5 promoter, which is re-

sponsible for the expression of chromosomally encoded T7 RNA polymerase, and PT7lac itself.

For this purpose, three lac operator sequences O1-O3 can be found on the chromosomally

encoded DE3 fragment to which the repressor LacI is able to bind. As a result, loop structures

can be formed between O1 and O2 or O3, thus preventing the bacterial polymerase from binding

to PlacUV5 (Oehler et al., 1990), and by that effectively preventing the expression of T7 RNAP

in the non-induced state. In order to further repress the expression of the target gene in the

non-induced state, additional operator sequences O1 and O3 are also encoded on the expres-

sion plasmid pMKEx2, which also prevents the T7 RNAP from binding to PT7 in the non-induced

state. These operator sequences, O1 and O3, are also encoded on pEKEx2, being solely re-

sponsible for repression of this system. However, it was shown that the absence of the operator

sequence O2 decreases the repression of LacI about 3- to 6-fold (Eismann et al., 1987; Oehler

et al., 1990). Both factors, the simple repression and the absence of the operator sequence

O2, can therefore explain the increased basal expression of the pEKEx2 system. More recently,

however, another reason for the high basal expression observed with pEKEx2 was recognized.

The pEKEx2-encoded repressor LacI harbours a modified C-terminus, which presumably

causes a weakened functionality. After repair of this defect and another one responsible for

population heterogeneity, tight repression of target genes could be observed with the improved

pEKEx2 derivatives (Bakkes et al. 2020, in preparation).

Low basal expression is particularly important for the expression of genes that have a

toxic effect on the cell, like causing cell death or significant growth defects and by that decreas-

ing the production titers. Therefore, tight control of expression enables the culture to grow to

high cell densities before the expression of the target gene is induced (Saida et al., 2006).

Nevertheless, although the basal expression with the T7 system was lower than with the

pEKEx2 system, it could still be measured in the absence of inducer (chapter 3.1). For the T7

system in E. coli, it was shown that basal expression in the non-induced state could be reduced

by additional expression of the lysY gene for T7 lysozyme (Studier, 1991). The T7 lysozyme

binds the T7 RNA polymerase formed in the non-induced state of the cell, whereupon genes
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under the control of the PT7 can no longer be expressed by the T7 RNAP. In first attempts we

also tried to further reduce basal expression in C. glutamicum by expression of lysY encoded

on a second plasmid. However, since basal expression of the T7 system in previous measure-

ments was at the lower detection limit when measured with the Biolector®, a more sensitive

system for the detection of changes in basal expression had to be found. This failed in the

present work (data not shown) and further studies will be necessary in the future to enable a

further reduced basal expression of the T7 system in C. glutamicum.

4.1.2 Recombinant gene expression in Corynebacterium glutamicum with the T7 system

To further characterize the T7 system in C. glutamicum for recombinant gene expression, the

production of further proteins was analyzed in this work. For this purpose, the pyk gene en-

coding the native pyruvate kinase was expressed and the activity of this enzyme in whole cell

extracts was determined. The convincing results obtained for eyfp expression with the T7 sys-

tem were further confirmed. A nearly 40-fold higher activity of pyruvate kinase was measured

in C. glutamicum MB001(DE3) cells carrying pMKEx2-pyk after induction with IPTG compared

to cells without IPTG induction (chapter 3.1), showing that pyruvate kinase was functionally

overproduced.

As it  was possible to use the T7 system in C. glutamicum successfully for functional

production of the cytoplasmic proteins eYFP and pyruvate kinase, the applicability of the sys-

tem for the expression of genes for secreted proteins was examined in a next step. The secre-

tion of proteins into the extracellular medium has the considerable advantage of a simpler

isolation and purification of the product in the downstream process as fewer other cellular com-

ponents and proteins are present (Quax, 1997). Since C. glutamicum also possesses only low

extracellular protease activity, secretional protein production seems to be particularly suitable

in this organism (Suzuki et al., 2009). In this work, we analyzed if expression via the T7 system

could also enhance the yield of a secreted protein in the extracellular medium of C. glutamicum

compared to expression via pEKEx2 (see chapter 6.1.1). For this purpose, secretion via the

twin-arginine translocation pathway (Tat pathway) was chosen, since the Tat pathway offers

the advantage of secreting already folded proteins, even in an oligomeric state (Lee et al.,

2006). For secretion, GFP was fused to three different Tat signal peptides, namely TorA of

E. coli, PhoD of B. subtilis, and PhoD (Cg2485) of C. glutamicum itself. Successful secretion

of these fusion proteins by C. glutamicum had already been analyzed previously after expres-

sion of the corresponding genes via the pEKEx2 system (Meissner et al., 2007). The results

obtained in this thesis showed that the T7 expression system can be used to express genes

efficiently and subsequently secrete them into the extracellular medium of C. glutamicum. The

amount of secreted protein strongly depends on the signal sequence that is used. Moreover,
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in comparison to the pEKEx2 system, an overall higher expression of the fusion proteins of the

T7 system was observed in Western Blot analysis, with the exception of PhoDBs-GFP. How-

ever, a large part of the synthesized target protein could not be transported out of the cell and

remained in the cytosol or membrane fraction. Especially with the homologous Tat sequence

of PhoDCg most of the GFP remained in the cell and the lowest GFP fluorescence compared

to the other GFP variants could be measured in the supernatant. The results indicate that the

Tat system might be overloaded by the high expression rate of the T7 system and the proteins

cannot be secreted as fast as they are produced within the cell. This hypothesis is also sup-

ported by the observation that the pEKEx2 system produces less protein compared to the T7

system, but shows a higher secretion efficiency. Thereupon, a first attempt was made to over-

express the genes of the Tat system, tatABC. The genes were cloned into the expression

plasmid pCLTON2 under control of Ptet, allowing the expression of tatABC after adding the

inducer ATc. However, the strong growth defect after induction of tatABC expression already

indicated stress for the cell, which also affected gfp expression. Thus, the optimal conditions

for the overexpression of the secretion system should be determined in further approaches.

Moreover, it was not examined in which ratio the three components are best expressed in order

to provide the cell with a functional secretion system. That the secretion of proteins can be

increased by the overexpression of the Tat system in C. glutamicum has been successfully

demonstrated in previous studies (Kikuchi et al., 2009). Here, secretion of a pro-protein glu-

taminase fused to the TorA signal peptide could be increased about 10-fold after overexpres-

sion of tatABC. In contrast to this thesis, however, the coding regions of the genes tatAC as

well as tatB were cloned under their respective native promoters PtatAC and PtatB in plasmid

pVC7. Overexpression of tatABC is therefore only achieved by the higher copy number of the

plasmid and expression is not further regulated, e.g. by induction of the expression at a defined

time point. Plasmid pVC7 is derived from pAM330, for which a copy number of 10-14 is de-

scribed (Miwa et al., 1984). The fact that C. glutamicum can be used for the efficient expression

of proteins, which are secreted via the Tat system, has been demonstrated by the production

of an α-amylase or a sorbitol-xylitol oxidase, for example (Lee et al., 2014; Scheele et al.,

2013). Moreover, a comparison with the alternative expression hosts B. subtilis and S. carno-

sus revealed that C. glutamicum was able to secrete the highest amount of functional GFP into

the extracellular medium via the Tat system (Meissner et al., 2007). In summary, it can there-

fore be said that C. glutamicum seems suitable for the expression and subsequent secretion

of proteins via the Tat system. For the efficient use of the T7 system, however, the expression

strain should be optimized to enable also a higher secretion rate, e.g. by balanced overexpres-

sion of the Tat system according to Kikuchi et al. (Kikuchi et al., 2009). Furthermore, for the

optimization of the expression and secretion efficiency of the desired protein, the optimal Tat

signal sequence seems to be of major importance.
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Due to its easy handling and the demonstrated ability to strongly overexpress genes, the T7

system in C. glutamicum has already been used in numerous other applications in the last

years: For the production of plant polyphenols like stilbenes and flavonoids, different C. glu-

tamicum platform strains were constructed. These platform strains are based on the strain

MB001(DE3) and heterologous genes for polyphenol production were cloned under control of

the T7 promoter in the pMKEx2-plasmid (Kallscheuer et al., 2016). In first attempts stilbene

concentrations of up to 158 mg l-1 and (2S)-flavanone concentrations of 37 mg l-1 could be

reached (Kallscheuer et al., 2016). Another application of the T7 system was the successful

overexpression of the phosphodiesterase gene cpdA for subsequent purification and charac-

terization of the protein (Schulte et al., 2017). Moreover, operons of Citrobacter freundii en-

coding propanediol utilization compartment shell genes could be expressed efficaciously via

the T7 system in C. glutamicum (Huber et al., 2017).

All these results clearly show the power of the T7 RNA polymerase-dependent gene expres-

sion system in C. glutamicum to produce active proteins in large quantities, whether they are

homologous or heterologous proteins. Furthermore, the aforementioned wide range of appli-

cations shows that the system is an ideal tool for strain optimization of C. glutamicum and

perfectly complements existing expression systems.
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4.2 Strategies for strain optimization in Corynebacterium glutamicum

Since the discovery of C. glutamicum and its ability to secrete L-glutamate, strain optimization

has been intensively pursued so that the organism is now one of the most important amino

acid producers in white biotechnology, especially for the production of L-glutamate or L-lysine.

In the past, strains were generated by undirected mutagenesis using UV light and/or chemicals

to improve the production of a desired substance (Kelle et al., 2005). This method is very time-

consuming due to the necessary multiple rounds of mutagenesis and subsequent screening

for suitable strains. Moreover, the generated strains contain numerous mutations in the ge-

nome, some of which may have no or even a negative effect. As a result, metabolic burden

such as a low stress tolerance or slow growth is often observed for these strains (Ohnishi et

al., 2002). Only some of the mutations are actually beneficial for production, but often they

have not been identified or insufficiently characterized and consequently their impact on pro-

duction is largely unknown. As an example, the observed differences in the L-lysine production

of the two strains C. glutamicum DG52-5 and DM1868 in this work can be used: whereas in

strain DG52-5 overexpression of pyc leads to a 50% increase in L-lysine accumulation and pyc

deletion causes a 60% decrease (Peters-Wendisch et al., 2001), in strain DM1868 overex-

pression of pyc caused an increase in lysine production of 63% and pyc deletion a 14% de-

crease (see chapter 3.2). Both strains, DG52-5 (Cremer et al., 1988) and DM1868 (Evonik,

Halle-Künsebeck) contain a feedback-resistant aspartate kinase (LysC). However, in contrast

to strain DM1868 the strain DG52-5 was generated by undirected mutagenesis. A re-sequenc-

ing of the genome of strain DG52-5 in this work revealed 104 SNPs as well as 8 insertions or

deletions, and 7 MNPs, whereby the latter are characterized by several consecutive nucleotide

alterations causing an amino acid exchange (see chapter 6.2). It was discovered that the feed-

back resistance of LysC is caused by different mutations in both strains. In addition, mutations

were found in genes that might have an effect on lysine production in strain DG52-5 as well,

like the genes encoding the inositol permeases IolT2 and the regulators SigA or OxyR. This

example demonstrates the problematic nature of these strains, since without further analysis,

it remains unknown which mutations are actually affecting L-lysine biosynthesis. Within the last

decades, a deeper understanding of the metabolic pathways and their regulation was obtained.

One of the most important milestones in this regard was the sequencing of the complete ge-

nome of C. glutamicum in 2003 (Ikeda and Nakagawa, 2003; Kalinowski et al., 2003). This

opened the door to progress the development and application of genetic engineering tools,

systems biology and global analysis methods, like transcriptome or metbolom anaylsis (Kim et

al. 2013). Nowadays, rational approaches are increasingly used for strain optimization e.g. by

overcoming feedback resistances of specific enzymes or minimizing by-product formation. As

a result, production strains with a defined genome, e.g. for L-lysine production, have been

constructed, like the strain LYS-12, encoding 12 defined mutations in the genome (Becker et



Discussion 93

al., 2011). For the construction of this strain, mutations known from classically derived produc-

tion strains were used and combined. However, since the number of such known mutations is

limited, there is a lack of alternatives to be able to further improve L-lysine production with

C. glutamicum. Therefore, a major aim of this work was to find gene variants that enable im-

proved L-lysine production in C. glutamicum to offer novel options for rational strain optimiza-

tion.

4.2.1 Use of biosensors for screening of PCx muteins enabling improved L-lysine production

The progress of rational strain engineering is often still limited by the predictability of mutations

with an anticipated positive effect on product synthesis. In order to combine the advantages of

the rational, targeted approach with those of undirected mutagenesis, transcription factor-

based biosensors have been developed in recent years as a new tool for strain optimization

(Binder et al., 2012; Mustafi et al., 2012; Siedler et al., 2014). With this method, the concen-

tration of a certain metabolite within a single cell is converted to a measurable optical output,

i.e. fluorescence. When combined with FACS, transcription factor-based biosensors allow

screening of libraries composed of millions of variants within minutes or hours for those single

cells that show increased fluorescence.

In this work the transcription factor-based biosensor pSenLys-Spec (Binder et al., 2012;

Schendzielorz et al., 2014) was used to screen a mutant library of the corynebacterial PCx

generated by error-prone PCR. The sensor is based on the transcriptional regulator LysG,

which senses increased concentrations of the basic amino acids L-arginine, L-histidine and L-

lysine in C. glutamicum, whereupon its target gene lysE encoding an exporter for L-lysine and

L-arginine is transcribed (Bellmann et al., 2001). In case of pSenLys-Spec, lysE has been re-

placed by eyfp, with the purpose to couple increased concentrations of the named amino acids

to an increased fluorescence output, which can be measured for example by FACS. The sen-

sor has been successfully used in previous studies, e. g. to find variants of feedback-inhibited

enzymes of lysine, arginine and histidine biosynthesis that show feedback resistance towards

the respective amino acid (Schendzielorz et al., 2014). For example, 11 variants of the aspar-

tate kinase LysC were identified due to the fact that they allowed increased lysine production

in C. glutamicum compared to the strain with wild-type LysC. Further analysis of three of these

LysC variants showed that they exhibited significantly reduced feedback inhibition by L-lysine.

Variants of ATP phosphoribosyltransferase (HisG) and N-acetyl-L-glutamate kinase (ArgB) re-

sistant to inhibition by histidine and arginine, respectively, were also discovered with pSenLys-

Spec (Schendzielorz et al. 2014).
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In this thesis, we used the pSenLys-Spec to screen a PCx mutant library for enzyme

variants that enable a higher lysine production in strain C. glutamicum DM1868. For this pur-

pose, more than 1.7 x 106 cells of a pyc-mutant library generated by error-prone PCR with

about 9.6 x 104 individual transformants were analyzed in one FACS screening step (chapter

3.2). Since PCx has a size of 1140 amino acids, the coverage of all possible PCx variants

within this library is impractical. If only a single amino acid residue would be mutated per pro-

tein,  x 19 = 2.3 x 104 PCx variants are possible, calculated as the binominal coefficient,

which could still be covered by the generated library if variants do not appear several times

and all variants contain exactly one mutation. But in this study conditions were chosen to in-

troduce about four amino acid exchanges per protein and consequently the number of possible

PCx variants exponentially increases up to x 19  = 9.1 x 1015 (Bosley et al., 2004).

In turn, this means that less than 1 x 10-9% of all possible muteins were included in the

screened library, without consideration of PCx variants which do not fit the criteria of one to

four mutations. It seems highly impossible to be able to prepare a library of this size for the

screening of all possible variants with this approach. So further strategies can be combined in

the future to increase the number of positive variants, like preparing saturation libraries of found

mutations (Schendzielorz et al., 2014) or sequence saturation mutagenesis (Wong et al.,

2004). Likewise, only defined parts of PCx, like the binding sites of effectors like ADP, aspar-

tate or acetyl CoA could be randomly mutagenized to find further mutations leading to a higher

L-lysine production.

Moreover, mutations in the PCx alone are not sufficient to trigger increased L-lysine

production in the wild-type background of C. glutamicum, because the lysine biosynthesis is

still strongly feedback-inhibited by LysC. Therefore, the strain DM1868Δpyc encoding the feed-

back resistant aspartate kinase LysCT311I was chosen for the screening of PCx variants since

it is already capable of producing moderate amounts of lysine. As a result, only small differ-

ences in fluorescence output were observed between strains harboring the wild-type PCx and

mutant variants and many false positive clones were isolated in the FACS analysis (chapter

3.2). Consequently, a good validation system of sorted clones was inevitable. In this work,

isolated clones were grown in in a microscale cultivation system (Biolector®) and subsequent

amino acid quantification was performed via HPLC, which allowed a throughput of about 50

clones per day. To increase this throughput, alternative assays might be performed, like a

ninhydrin assay to determine the lysine concentration of more than 100 clones within minutes

(Unthan et al., 2015).

However, despite the fact that only a tiny fraction of the theoretically possible PCx var-

iants was screened in this work and the differences in fluorescence output were only marginal,

three mutations allowing an increased lysine production were identified in only one screening

round, i.e. T132A, T343A and I1012S. Because PCx activity is not regulated by the end product
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L-lysine, it can be assumed that the use of pSenLys or other biosensors is also suitable for

screening of other enzymes of central metabolism, such as glycolysis or the pentose phos-

phate pathway, thus extending the application possibilities of biosensors in strain optimization

of C. glutamicum. Furthermore, the applied screening procedure revealed PCx mutations that

were previously completely unknown and whose influence on L-lysine production could not be

predicted, since the mutated residues were not located within functionally characterized re-

gions of PCx, like the ATP- or pyruvate-binding site.

4.2.2 Engineering PCx to overcome the bottleneck of precursor supply in the TCA cycle

Many of the products for which C. glutamicum producer strains have been developed are in-

termediates or derivatives of the TCA cycle (see chapter 3.2.1, Table S1). Of particular eco-

nomic importance is L-lysine, which is derived from oxaloacetate (OAA). It was found that this

precursor can be a limiting factor for optimal lysine production (Menkel et al., 1989) and there-

fore the supply of OAA is of great interest for strain optimization. Its production is ensured by

two anaplerotic enzymes in C. glutamicum: PEPCx and PCx catalyze the carboxylation of PEP

and pyruvate towards OAA, respectively (Eikmanns et al., 1989; O'Regan et al., 1989; Peters-

Wendisch et al., 1996; Peters-Wendisch et al., 1997). It could be shown that under glycolytic

conditions PCx is contributing about 90% of the total OAA synthesis (Petersen et al., 2000).

Moreover, overproduction of pyc resulted in an approximately 50% higher L-lysine production,

whereas overexpression of the PEPCx gene had no effect (Peters-Wendisch et al., 1993;

Peters-Wendisch et al., 2001). These results underline the major role of PCx in anaplerosis

and the associated possibilities to improve the production of various substances with OAA as

precursor, like L-lysine. Nevertheless, so far only one mutation has been described for coryne-

bacterial PCx, P458S, which led to an increase in L-lysine production of about 7% (Ohnishi et

al., 2002), but which has not been characterized any further. In addition, a second PCx variant

was described in a patent of Hanke et al., which showed a feedback-resistance towards as-

partic acid and harbors seven mutations: M001V, E153D, A182S, A206S, H227R, A455G and

D1120E (Hanke et al., 2005). However, the impact of this enzyme variant on L-lysine produc-

tion has not been reported.

In order to further exploit the potential of PCx for OAA supply, this thesis involved

screening for PCx variants that enable an increased production of L-lysine. Two PCx variants

were found, one containing the single mutation T132A and the other one with the double mu-

tation T343A and I1012S. Plasmid-based overexpression of the corresponding genes caused

an increase of 19% and 9% in L-lysine production in strain DM1868Δpyc/pSenLys-Spec (chap-

ter 3.2). Integration of the mutations T132A and T343A into the genome of strain DM1868,

which also encodes a feedback-resistant aspartate kinase, also led to increased L-lysine pro-

duction by 7% and 15%, respectively, compared to the parental strain with wild-type PCx.
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Since these mutations have not been described so far, they offer new possibilities in combina-

tion with other advantageous mutations in the optimization of corynebacterial production

strains with a defined genome. Moreover, the newly identified mutations also appear to be a

good alternative to the known mutation P458S, which in the same set of experiments caused

only an increase in lysine production of only 1.2% compared to wild-type PCx. Due to the

described role of PCx in precursor supply, a beneficial effect of the PCx variants can be as-

sumed not only on lysine production but also on other substances such as glutamate.

Until now, the kinetic characterization of PCx of C. glutamicum could only be performed

with permeabilized cells using discontinuous coupled enzymatic assays with glutamate-oxalo-

acetate transaminase or lactate dehydrogenase (Peters-Wendisch et al., 1997; Uy et al.,

1999). Since other enzymes or metabolites can influence the activity of PCx in assays with

permeabilized cells, conditions were established in this work which enabled the determination

of PCx activity in cell-free extracts in a continuous coupled assay with malate dehydrogenase

and the purification of PCx in an active form (chapter 3.3). These advances allowed a more

detailed characterization of new identified PCx variants and, more generally, an in-depth char-

acterization of the enzyme in the future to enable targeted optimization. Kinetic characteriza-

tion of corynebacterial PCx with the new established assay confirmed that it is strongly inhib-

ited by its product ADP with a Ki of 1.5 mM. A similar effect has also been determined for PCx

from Mycobacterium smegmatis (Mukhopadhyay and Purwantini, 2000), where the addition of

8 mM ADP led to an 83% reduction in PCx activity, or organisms like Rhodobacter capsulatus

(Modak and Kelly, 1995) and Pseudomonas fluorescens (Milrad de Forchetti and Cazzulo,

1976), for example. Moreover, a Ki for aspartate of 9.3 mM was determined for C. glutamicum

PCx. Under physiological conditions, aspartate provides regulatory feedback inhibition in re-

sponse to increased OAA production (Koffas et al., 2002). It is therefore all the more surprising

that the activity of corynebacterial PCx is not activated by acetyl-CoA, since an antagonistic

effect of aspartate and acetyl-CoA at the same binding site has been described for the PCx of

different organisms such as Staphylococcus aureus or Rhizobium etlii (Sirithanakorn et al.,

2014; Xiang and Tong, 2008). In C. glutamicum, acetyl-CoA concentrations up to 50 µM lead

to an inhibition of PCx by approx. 20%. If acetyl-CoA concentrations were further increased up

to 1000 µM, this inhibition is overcome and the PCx is almost completely active again (chapter

3.3). On the other hand, other PCx enzymes are known whose activity is also not strictly de-

pendent on acetyl-CoA or on which the molecule has no influence at all (Adina-Zada et al.,

2012). One example for a PCx, which is insensitive towards acetyl-CoA, is the enzyme from

Lactococcus lactis, although the crystal structure of this enzyme showed a conserved acetyl-

CoA binding site (Choi et al., 2017). Structural analysis revealed that L. lactis PCx mimics the

acetyl-CoA-bound conformation of acetyl-CoA-dependent PCx like the one of S. aureus (Choi

et al., 2017). This observation gives a first hint for differences in activation of PCx. However,
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since the response of PCx activity of C. glutamicum to increasing acetyl-CoA concentrations

is quite unusual, further investigations should be made to study this effect in more detail.

When the newly established procedure for the purification and assay of corynebacterial PCx

was applied to the three enzyme variants PCxT132A, PCxT343A and PCxI1012S, no differences of

the specific activities compared to wild-type PCx could be observed under standard conditions

(chapter 6.3). Further preliminary studies with these PCx variants indicated that the mutations

T132A and T343A cause an apparently higher resistance towards aspartate. For both PCxT132A

and PCxT343A, no inhibition up to 7.5 mM aspartate was found, whereas wild-type PCx was

inhibited by 42% at this concentration. The Ki values of 13.2 mM and 10.8 mM of PCxT132A and

PCxT343A, respectively, were higher compared to the Ki of wild-type PCx (9.3 mM). In contrast,

the mutation I1012S caused no changes with respect to aspartate inhibition compared to the

wild-type PCx. Since this mutation did also not show any changes towards ADP and acetyl-

CoA, other factors must allow the increased L-lysine production with PCxI1012S variant. Even a

structural model and alignment with heterologous PCxs did not provide any explanation for the

increased lysine production. This result shows that the screening approach chosen in this work

enables the identification of useful mutations that would not have been found by a rational

approach.

The specific activity of purified PCx of C. glutamicum was in the range of 20 - 25 μmol

min−1 (mg protein)−1 and thus lower than the activity of PCx from other sources, such as the

enzyme of M. smegmatis with a reported activity of up to 150 μmol min−1 (mg protein)−1

(Mukhopadhyay and Purwantini, 2000). Therefore, the possibility to improve L-lysine produc-

tion by replacing the native corynebacterial PCx by heterologous variants with higher activity

was also examined (chapter 6.4). Three variants were analyzed: PCx from M. smegmatis and

S. aureus both have the same α4 structure like PCx from C. glutamicum (Mukhopadhyay and

Purwantini, 2000; Xiang and Tong, 2008). In contrast, the third variant, PCx from Pseudomo-

nas aeruginosa, has an α4β4 structure, i.e. the PCx is encoded on two genes (Lai et al., 2006).

Growth experiments in minimal medium supplemented either with 4% (wt/vol) glucose or 2%

(wt/vol) lactate showed that PCx from S. aureus was not able to replace the homologous PCx

of C. glutamicum in strain DM1868Δpyc. The strain was neither able to grow on lactate nor

produce lysine with this carbon source. Furthermore, no increased L-lysine production could

be observed compared to the negative mutant without PCx when the cells grew on glucose.

Contrary to this observation, the PCx variants of M. smegmatis and P. aeruginosa were both

able to functionally replace corynebacterial PCx and enabled growth on lactate. The lysine

production of the strain encoding PCxPa was similar to the strain with PCxCg. However, this

strain showed a significantly slower growth rate than with PCxCg when cells were grown on

glucose, which probably explains the lower lysine accumulation after 24 hours as well. Expres-

sion of pycMs enabled the strain DM1868Δpyc to produce about the same amount of lysine in
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comparison to pycCg when cells were grown on glucose, and about 1.2-fold more after growth

on lactate. This offers interesting possibilities for strain optimization in C. glutamicum, espe-

cially considering the different regulation of the analyzed enzymes. For instance, the activity

of PCx from M. smegmatis is, in contrast to corynebacterial PCx, strongly dependent on acetyl-

CoA (Mukhopadhyay and Purwantini, 2000). Therefore, further characterization of the expres-

sion of heterologous PCx variants for higher L-lysine production in C. glutamicum might be

interesting to avoid bottlenecks at various growth conditions.
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6 Appendix

6.1 Production of secretional proteins with Corynebacterium glutamicum MB001(DE3)

The newly developed T7 RNA polymerase-dependent gene expression system for C. glutami-

cum has already been characterized by the successful overproduction of the cytosolic proteins

eYFP and pyruvate kinase (see chapter 3.1). Since the purification of cytosolic proteins is much

more laborious than the isolation of secreted ones, the T7 system was also evaluated for the

production of secretory proteins. Two different systems exist in C. glutamicum for the translo-

cation across the cytoplasmic membrane: in the general secretion pathway (Sec pathway),

proteins are secreted across the cytoplasmic membrane in an unfolded conformation and fold-

ing occurs only on the extracytoplasmic side of the membrane after cleavage of the signal

peptide by a type I signal peptidase (Tsirigotaki et al., 2017). If heterologous proteins are se-

creted via the Sec system, this folding mechanism is often insufficient, since proper chaper-

ones are missing in the cell envelope. Moreover, unfolded proteins are more susceptible to

degradation by proteases, which in turn can reduce the overall yield of the produced proteins

(Bolhuis et al., 1999). In contrast to the Sec system, the twin-arginine translocation pathway

(Tat pathway) actively translocates completely folded and even oligomeric proteins across the

cytoplasmic membrane (Lee et al., 2006). Proteins transported via this system have in com-

mon that their N-terminal signal peptide contains a highly conserved twin-arginine-containing

sequence motif ((S/T)RRxFLK). After the proteins have been secreted via the Tat system, the

signal peptide is cleaved from the precursor protein by a type I signal peptidase similar to the

Sec system. Several examples show that the Tat system seems to be particularly advanta-

geous for the secretion of heterologous proteins. In E.coli for example, it was possible to se-

crete GFP via the Sec system, but it was non-fluorescent due to inappropriate folding outside

the cell (Feilmeier et al., 2000; Santini et al., 2001; Thomas et al., 2001). For this reason,

Meissner and coworkers investigated the secretion of GFP via the Tat system in C. glutamicum

(Meissner et al., 2007). The reporter protein GFP was fused with three different Tat signal

peptides, which originated from a phosphodiesterase of B. subtilis (PhoDBs) and of C. glutami-

cum (PhoDCg), and in addition from the oxidoreductase TorA of E. coli. After expression of the

corresponding genes via the pEKEx2 system in C. glutamicum, all three signal peptides ena-

bled Tat-dependent secretion into the supernatant of the cells, as fluorescent GFP was de-

tected in this fraction. The highest fluorescence was observed in the supernatant of samples

containing the fusion protein PhoDBs-GFP, while the lowest fluorescence was detected in sam-

ples in which GFP was secreted via the signal peptide TorA (Meissner et al., 2007). In order

to characterize the T7 system of C. glutamicum with respect to the production of secretory

proteins, the production of the GFP variants via the pEKEx2 system was compared with that

of the T7 system.
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6.1.1 T7 RNA polymerase-dependent synthesis of GFP and subsequent secretion into the
extracellular medium with C. glutamicum

The T7 system established in C. glutamicum was characterized with regard to the synthesis of

secretory proteins and compared with the established pEKEx2 system. As mentioned above,

Meissner et al. (2007) was able to show that GFP, fused to three different Tat signal peptides,

could be successfully secreted into the extracellular medium by C. glutamicum after expression

of the corresponding genes with the pEKEx2 system. The gfp genes were first amplified from

the respective pEKEx2 plasmids using a specific forward primer for each fusion product

(PhoDBs-GFP-for: GCATACGACAGTCGTTTTG, PhoDCg-GFP-for: CCACAGTTAAGCAGAC-

GCCAGTTC or TorA-GFP-for: AACAATAACGATCTCTTTCAGG) and a common reverse pri-

mer for all three products (GFP-rev: AACAATAACGATCTCTTTCAGG). The plasmid pMKEx2

was used as expression vector for the T7 system and was cut with the restriction enzymes

NcoI/BamHI (both New England Biolabs, Frankfurt, Germany). Subsequently, 5' overhangs

were filled by using the Klenow fragment of DNA polymerase I (New England Biolabs, Frank-

furt, Germany) and then dephosphorylated (rAPid Alkaline Phosphatase, Roche Diagnostics,

Mannheim, Germany). The PCR fragments were phosphorylated with ATP and T4 polynucle-

otide kinase (Thermo Fisher Scientific, Waltham, MA, USA) prior to ligation with cut pMKEx2

vector. Finally, the T7 expression strain C. glutamicum MB001(DE3) was transformed with the

resulting plasmids pMKEx2-phoDCg-gfp, pMKEx2-phoDBs-gfp or pMKEx2-torA-gfp. For com-

parison, C. glutamicum MB001 was transformed with the three already existing pEKEx2 plas-

mids carrying the respective gfp fusion constructs. As a negative control strain MB001(DE3)

with the empty vector pMKEx2 was used. For the expression of gfp, precultures of the respec-

tive strains were used to inoculate 50 ml of 2xTY medium (Sambrook et al., 1989) to an OD600

of 0.5 and incubated at 30 °C and 120 rpm until cells reached an OD600 of 1. At this time point,

expression of the gfp genes was induced with 250 µM IPTG and the cultures were incubated

for another 4 hours under the same conditions. Afterwards, cells were fractionated into a mem-

brane fraction and a soluble fraction containing cytosolic proteins and soluble proteins from

the periplasm. These fractions and the cell-free culture supernatants were analyzed for GFP.

Fractionation was carried out by sedimentation of the cells (4000 x g, 4 °C, 20 min) in a first

step. The supernatant was concentrated from 50 ml to 1 ml using centrifugal filters (Amicon

Ultra-15 Centrifugal Filter Units, 10 NMWL) to analyze the amount of secreted GFP. To sepa-

rate the membrane fraction from the soluble fraction, cell pellets were washed with 50 mM Tris-

HCl, pH 8.0 and then disrupted by beat beating using a Precellys 24 device (Peqlab Biotech-

nologie, Erlangen, Germany). In a next step, cell debris was removed by centrifugation

(4000 x g, 4 °C, 20 min) and the gained supernatant was fractionated by ultracentrifugation

(35,000 x g, 4 °C, 1 h). Proteins of the membrane fraction were sedimented and subsequently

suspended in 50 mM Tris-HCl, pH 7.5. To localize and quantify the synthesized GFP fusion
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proteins, Western Blot analyses was performed. Therefore, proteins of each fraction were sep-

arated by SDS polyacrylamide gel electrophoresis using 10% separating gels (Laemmli, 1970).

Subsequently, gels were electroblotted (1 h, 15 V) onto a nitrocellulose membrane (GE

Healthcare Bio-Sciences, Uppsala, Sweden) and detection of GFP was performed by using

polyclonal anti-GFP antibodies (BioGenes GmbH, Berlin, Germany) and Goat Anti-Rabbit

IgG(H+L)-Cy5 (Bio-Rad Laboratories, Inc., Hercules, California, US). Visualization of GFP flu-

orescence was performed with a Typhoon Trio Scanner (GE Healthcare Bio-Sciences, Upp-

sala, Sweden). Finally, fluorescence in all three fractions was measured with a Tecan Reader

Infinite 200 (Tecan Group, Männedorf, Switzerland). GFP was excited at a wavelength of 385

nm and the emission was measured at 510 nm to quantify the amount in the respective fraction.

Measurements of fluorescence were blanked to the respective medium of the sample, which

was treated in the same way as the other samples after cultivation. In order to consider the

influence of different ODs after cultivation of all strains, the specific fluorescence (fluorescence

divided by the end-OD600 of a culture) is given in the following.

It could be shown that with the pEKEx2 system as well as with the T7 system all of the

three fusion proteins could be produced and subsequently secreted into the culture superna-

tant of the respective C. glutamicum strain (Figure 5). However, clear differences were appar-

ent for the secretion efficiency. For the secretion of the protein PhoDBs-GFP into the extracel-

lular medium, no difference in the band intensity in Western Blot analysis could be detected

for both expression systems (Figure 5A). However, the specific fluorescence of PhoDBs-GFP

is higher after gfp expression via the pEKEx2 system (420.9 ± 46.3 for the T7 system and

585.0 ± 102.2 for the pEKEx2 system; Figure 5B). Moreover, the specific GFP fluorescence in

the soluble and in the membrane fractions is more than 1.5 times higher for the pEKEx2 system

compared to the T7 system, respectively (Figure 5B). In the soluble fraction of strain

MB001/pEKEx2-phoDBs-gfp, a band with a size of about 33 kDa could be detected, which

probably indicates the GFP fusion protein with the uncleaved Tat signal peptide of PhoDBs

(Figure 5A). On the other hand, a band with a size of 26 kDa was visible in the membrane

fraction of the same strain, thus corresponding to the size of the mature protein in which the

signal peptide has been split off. Compared to these results, in the soluble and membrane

fractions of strain MB001(DE3)/pMKEx2-phoDBs-gfp much thicker bands could be detected in

Western Blot analysis, despite a lower measured specific GFP fluorescence in both fractions.

It can therefore be assumed that the protein was not folded correctly and is therefore inactive

and not suitable for secretion anymore. Reasons for this could be the high expression rate of

the T7 system.
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Analyzing the production and subsequent secretion of GFP fused with the signal peptide

PhoDCg in a Western Blot showed that this fusion protein was secreted into the supernatant in

Figure 5 Analysis of PhoDBs-GFP, PhoDCg-GFP and TorA-GFP production with the T7 and the pEKEx2
system and subsequent secretion via the Tat system in C. glutamicum. The amount of the fusion protein in
the soluble fraction, the membrane fraction and the supernatant of each strain was analyzed. (A) Western Blot
analysis was performed to check the presence of GFP by using polyclonal anti-GFP antibodies (BioGenes
GmbH, Berlin, Germany) and Goat Anti-Rabbit IgG(H+L)-Cy5 (Bio-Rad Laboratories, Inc., Hercules, California,
US). Precision Plus Protein™ All Blue Prestained Protein Standard marker (Bio-Rad Laboratories, Inc., Hercules,
California, US) was used to estimate the size of GFP. Mature GFP (m) without the signal peptide has a size of
26 kDa, precursor GFP (p) with Tat signal peptide not cleaved off has a size of 30 kDa for PhoDCg-GFP and
TorA-GFP and of 33 kDa, for PhoDBs-GFP. NC – negative control (C. glutamicum MB001(DE3)/pMKEx2); 1 –
MB001/pEKEx2-phoDBs-gfp; 2 – MB001/pEKEx2-phoDCg-gfp; 3 – MB001/pEKEx2-torA-gfp; 4 – MB001(DE3)/
pMKEx2-phoDBs-gfp; 5 – MB001(DE3)/pMKEx2-phoDCg-gfp; 6 – MB001(DE3)/pMKEx2-torA-gfp. (B) Specific flu-
orescence was analyzed in all three fractions with a Tecan Reader Infinite 200 (Tecan Group, Männedorf, Swit-
zerland). GFP was excited at a wavelength of 385 nm and the emission was measured at 510 nm to quantify the
amount in the respective fraction. Mean values of three independent experiments and standard deviations are
shown.
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the lowest amount compared to the other two signal peptides, independent of the used expres-

sion system (Figure 5A). When phoDCg-gfp was expressed via the pEKEx2 system, only weak

bands could be detected in the membrane fraction and in the soluble fraction. In comparison,

a higher amount of GFP was synthesized with the T7 system as indicated by Western Blot

analysis, but apparently could not be secreted, as strong bands were observed both in the

soluble and the membrane fraction. Moreover, the apparent size of approximately 26 kDa ob-

served in the soluble fraction indicates that the accumulated GFP is misfolded and/or the signal

peptide is already cleaved off in the cell, thus preventing the secretion of the protein via the

Tat signaling pathway. The measured specific fluorescence of PhoDCg-GFP shown in Figure

5B confirmed that GFP accumulates for the most part in the soluble fraction as it was about

188 times higher than in the supernatant (8,687.8 ± 21.0 and 46.1 ± 2.1, respectively) and

about 6 times higher than in the membrane fraction (1431.2 ± 141.0). When phoDCg-gfp was

expressed via the pEKEx2 system, active GFP was also detected in the cytosolic and mem-

brane fractions (Figure 5B). Here, however, the specific fluorescence measured in the super-

natant was only 4 times lower than in the cytosol (615.9 ± 538.5 and 168.3 ± 29.0) and 3 times

higher than in the membrane fraction (57.3 ± 9.1). In summary, the accumulated specific fluo-

rescence of all three fractions was more than 12 times higher after expression via the T7 sys-

tem than via the pEKEx2 system. However, due to the strong fluorescence in the soluble and

membrane fraction, it can be assumed that a large part of the PhoDCg-GFP produced by the

T7 system was not secreted. In contrast, the specific fluorescence in the supernatant in relation

to the total specific fluorescence of all three fractions is significantly higher after expression

with the pEKEx2 system, and a better secretion efficiency of PhoDCg-GFP can be assumed

after production with the pEKEx2 system.

For the third fusion protein TorA-GFP, the strongest band in the supernatant was detected in

Western Blot analysis when torA-gfp was expressed via the T7 system (Figure 5A). This band

also appears more intensive in comparison to the other bands of the fusion proteins PhoDCg-

GFP and PhoDBs-GFP, independent of the respective expression system. Analyzing the spe-

cific fluorescence in the supernatant confirmed this result: while a value of 1285.8 ± 141.5 was

measured in the supernatant of strain MB001(DE3)/pMKEx2-torA-gfp, a twofold lower value of

607.1 ± 214.5 was observed in the supernatant of the strain using the pEKEx2 system for

overexpression of torA-gfp (Figure 5B). In contrast to this, almost no bands could be detected

in the soluble and membrane fractions in Western Blots analysis when torA-gfp was expressed

via the pEKEx2 system. After expression with the T7 system, a band with a size of approx.

30 kDa was visible for TorA-GFP in the membrane fraction, which corresponds to the protein

with non-cleaved signal peptide, and a band with a size of about 26 kDa, corresponding to the

mature protein without the signal peptide, was visible in the cytosolic fraction of strain

MB001(DE3)/pMKEx2-torA-gfp. Measurements of the specific fluorescence in both fractions
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confirmed the results of the Western Blot: the specific fluorescence in the soluble fraction was

more than four times higher for gfp expressed with the T7 system (1325.7 ± 1052.2) compared

to the pEKEx2 system (293.3 ± 233.2). Additionally, a higher specific fluorescence was also

found in the membrane fraction of the strain with the T7 system (128.4 ± 67.7 for the T7 system

and 42.1 ± 14.0 for the pEKEx2 system, Figure 5B). These results show that the secretion of

GFP apparently works best with TorA among the three signal peptides chosen for this experi-

ment, since the highest specific fluorescence in the supernatant was measured for both sys-

tems and the bands in Western Blot seem to be most intense. In contrast only weak bands in

the Western Blot and a low specific fluorescence could be detected in the membrane and

cytosolic fractions, indicating that the largest part of the protein seems to be actually secreted

and even in an active form. The higher amount of expressed gfp observed for the T7 system

based on Western Blot analysis, but also the higher specific fluorescence in all three fractions

of this strain underlines the capacity of the newly established expression system.

6.1.2 Influence of tatABC overexpression on the secretion of the heterologous protein
PhoDBs-GFP in C. glutamicum

Production of secretory proteins via the T7 system in C. glutamicum MB001(DE3) showed that

a large fraction of the protein was not secreted but remained in the cytosol or membrane frac-

tion of the cell (see chapter 6.1.1). One possible explanation for this result is that the Tat sys-

tem is the bottleneck for protein export due to overload in these strains. Therefore, in another

approach, the Tat system was also overproduced in order to enlarge the secretion capacity

and avoid accumulation within the cell. In C. glutamicum, the Tat system is encoded by tatA,

tatB and tatC (Oertel et al., 2015). To be able to overexpress and induce tatABC expression

independently of the T7 system, the tatABC genes were cloned into pCLTON2 under the con-

trol of the tet promoter (Ptet), which can be induced with anhydrotetracycline (ATc) (Lausberg

et al., 2012). The construction is described in Figure 6 in more detail. To analyze the secretion

efficiency, phoDBs-gfp was chosen to be expressed under control of the T7 promoter using the

plasmid pMKEx2-phodBs-gfp, since previous experiments showed an equivalent distribution of

the corresponding protein among the supernatant and cytosolic and membrane fraction. For

the expression of gfp, precultures of C. glutamicum MB001(DE3)/pCLTON2-tatABC/pMKEx2-

phoDBs-gfp were used to inoculate 50 ml CGXII minimal medium supplemented with 4%

(wt/vol) glucose (Keilhauer et al., 1993) to an OD600 of 0.5 and incubated at 30 °C and 120 rpm.

After 2.5 h, the T7 system was induced with 250 µM IPTG and the culture was incubated for

another 4 h.
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Moreover, the timing of induction of the tet system (before (0 h), with (2.5 h) or after induction

(3.5 h) of the T7 system with IPTG) as well as the concentration of the inducer ATc (25 ng/ml

or 250 ng/ml ATc) were varied and analyzed in this experiment. As a control, the strains C. glu-

tamicum MB001(DE3)/pCLTON2/pMKEx2-phoDBs-gfp (250 ng/ml ATc; 250 µM IPTG) and

MB001(DE3)/pCLTON2-tatABC/pMKEx2-phoDBs-gfp (0 ng/ml ATc; 0 µM IPTG) were used.

After growth, cells were harvested by centrifugation (4000 x g, 4 °C, 20 min) and the superna-

tant was used for further analysis. Sedimented cells were washed with 50 mM Tris-HCl, pH

8.0 and then disrupted by beat beating using a Precellys 24 device and glass beads (Peqlab

Biotechnologie, Erlangen, Germany). Finally, total cell extract (TCE) was obtained after cen-

trifugation (16,000 x g, 4 °C, 20 min) using the obtained supernatant. Localization and quanti-

fication of the synthesized GFP fusion proteins in Western Blot analysis and determination of

specific fluorescence was performed as described in chapter 6.1.1. Measurements of fluores-

cence were blanked to the respective medium of the sample, which was treated in the same

way as the other samples after cultivation.

A comparison of the growth behavior of all strains showed that the growth deteriorates

the earlier the tet system was induced, whereas the added amount of ATc had only a minor

Figure 6 Construction of pCLTON2-tatABC. The genes tatABC were amplified from C. glutamicum ATCC
13032 with the following primers: tatA - TatA-for (CTTTAAGAAGGAGATATACAATGCCCACTCTCGGACCA)
and TatA-rev (ATATCTCCTTCATTTTTTAGATGCAAACTGCCCAAC); tatB – TatB-for (ATTTTTCTGGAAGGA-
GATATACAATGTTTTCTAGCGTGGGTTGG) and TatB-rev (GTCGACGGAGCTCGAATTCGAAACGCTT-
GGGCTTGGCG); tatC – TatC-for (ATCTAAAAAATGAAGGAGATATACAATGTCCATTGTTGAGCAC) and
TatC-rev (ATATCTCCTTCCAGAAAAACTCATGCCTC). The vector pCLTON2 was cut with FastDigest re-
striction enzymes SacI/PstI (both Thermo Fisher Scientific, Waltham, MA, USA) and subsequently ligated with
the amplified PCR fragments via a self-prepared Gibson assembly master mix (Gibson, 2011).
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effect (Figure 7A). Only for strain MB001(DE3)/pCLTON2-tatABC/pMKEx2-phoDBs-gfp a neg-

ative effect of higher ATc concentration was detected when the tet system was induced directly

after the start of cultivation (OD600 after 6 h of growth - 25 ng/ml ATc: 1.48; 250 ng/ml ATc:

1.32). 3.5 h after induction, the cells were harvested and the amount of produced and secreted

GFP was analysed in the supernatant and in TCEs by Western Blot analysis and measurement

of specific fluorescence. As expected, no band for GFP was visible in the supernatant or in

TCE for the non-induced control strain MB001(DE3)/pMKEx2- phoDBs-gfp/pCLTON2-tatABC

(Figure 7B). Moreover, no GFP band was detected in the Western Blot when tatABC expres-

sion was induced directly at the beginning of the cultivation. If, on the other hand, the tet system

was induced at a later time point, bands at the height of the mature GFP with a size of 26 kDa

could be detected in the supernatant. Here, the intensity of the bands increased the later the

system was induced and when 25 ng/ml ATc instead of 250 ng/ml ATc was used. However, if

the Tat system was not overexpressed in strain MB001(DE3)/pMKEx2-phoDBs-gfp/pCLTON2,

the band with the highest intensity for PhoDBs-GFP was visible. There are no clear differences

in the intensity of the bands in the supernatant or TCE. The band in the supernatant apparently

shows a size which equals the size of the mature GFP with the signal sequence already

cleaved off, whereas in the TCE, a band with a size of about 33 kDa could be detected. This

equals the size of GFP protein including the signal peptide. Here, again, the band with the

most intensive staining was found in the control strain, which does not overexpress the tatABC

genes.

The measurements of the specific fluorescence correspond to the results of the West-

ern Blot analysis (Figure 7B,C). For overexpression of the tatABC genes, the highest specific

fluorescence of 195 was measured in the supernatant of strain MB001(DE3)/pMKEx2-phoDBs-

gfp/pCLTON2-tatABC, in which the tet system was induced with 25 ng/ml ATc after induction

of the T7 system. However, this fluorescence is 2.6 times lower than in the control strain

MB001(DE3)/pMKEx2-phoDBs-gfp/pCLTON2 (508). If the tet system was induced to an earlier

time point, only negative values were determined after subtraction of the blank value. This

could have been caused by the low fluorescence of GFP in these samples. In the TCE the

highest specific fluorescence (3205) in strain MB001(DE3)/pMKEx2-phoDBs-gfp/pCLTON2-

tatABC was measured with 25 ng/ml ATc, added after induction of the T7 system. In compari-

son, the specific fluorescence in strain MB001(DE3)/pMKEx2-phoDBs-gfp/pCLTON2 was 2729

and thus 1.2 times lower. If the expression of the tat genes was induced with a higher concen-

tration of ATc and/or at an earlier time point, the specific fluorescence was comparatively lower.
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From these results it can be concluded that overexpression of the tatABC genes causes stress

for the cell, which in turn has a negative effect on the expression of gfp. The more the expres-

sion of the tat genes was induced, the less GFP was produced and eventually secreted. How-

ever, Kikuchi et al. were able to show that the overexpression of tatABC in C. glutamicum could

increase the secretion of a glutaminase protein by a factor of almost 10 (Kikuchi et al., 2009).

In contrast to our experiment, the native promoters and ribosome binding sites were used for

Figure 7 Analysis of tatABC overexpression on production and secretion of PhoDBs-GFP by C. glutami-
cum MB001(DE3)/pMKEx2-phoDBs-gfp/pCLTON2-tatABC. (A) Comparison of the growth of
MB001(DE3)/pMKEx2-phoDBs-gfp/pCLTON2-tatABC strains, in which the tet system was induced at given time
points with two different concentrations of the inducer ATc as described in the legend of the figure.
MB001(DE3)/pMKEx2-phoDBs-gfp/pCLTON2 and MB001(DE3)/pMKEx2-phoDBs-gfp/pCLTON2-tatABC were
used as control strains. The cells were grown as described in the text in CGXII minimal medium containing 4%
(wt/vol) glucose. After 2.5 h the T7 system was induced with 250 µM IPTG (indicated with an asterisk) and the
cells were further incubated for 4 h. (B) Western Blot analysis was performed to check the expression of GFP by
using polyclonal anti-GFP antibody (BioGenes GmbH, Berlin, Germany) and Goat Anti-Rabbit IgG(H+L)-Cy5
(Bio-Rad Laboratories, Inc., Hercules, California, US). Precision Plus Protein™ All Blue Prestained Protein
Standard marker (Bio-Rad Laboratories, Inc., Hercules, California, US) was used to estimate the size of GFP.
Mature GFP (m) has a size of 26 kDa, precursor GFP (p) with Tat-signal peptide not cleaved off has a size of 33
kDa. (C) Specific fluorescence was analyzed in the supernatant and TCE with a Tecan Reader Infinite 200 (Tecan
Group, Männedorf, Switzerland). GFP was excited at a wavelength of 385 nm and the emission was measured
at 510 nm to quantify the amount in the respective fraction. Time of induction for both the T7 system (gfp expres-
sion) and tet system (tatABC expression) as well as the quantity of the respective inducer IPTG or ATc used for
each strain are also shown in the legend of the figure.
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the overexpression of the tat genes. This indicates a too strong overproduction of the Tat sys-

tem in our work. Moreover, since the stoichiometric ratio of the three tat genes should be main-

tained after overexpression, this may be another factor that could have had a negative effect

on GFP production and could be optimized in future experiments.
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6.2 Genome-sequencing of the lysine-producing strain Corynebacterium glutamicum
DG52-5

For the characterization of pyruvate carboxylase (PCx) with regard to its role in L-lysine pro-

duction in C. glutamicum, the PCx gene (pyc) was deleted or overexpressed in strain C. glu-

tamicum DG52-5 (Peters-Wendisch et al., 2001). Subsequent measurements of the lysine

concentration in the supernatant of this strain revealed that deletion of pyc caused a reduction

of the lysine titer by almost 60% in comparison to strain DG52-5 encoding the wild-type PCx

and an increased production by almost 50% after overexpression of pyc. L-lysine production

in this strain is possible due to a feedback-resistance of the aspartate kinase LysC towards its

end-product lysine, caused by a non-characterized mutation in the gene (Menkel et al., 1989).

Moreover, since this strain was generated by classical mutagenesis, effects on lysine produc-

tion by additional mutations in the genome cannot be excluded. To omit these possible side

effects of other, unknown mutations, a different strain than DG52-5 with a defined genomic

background was used for the screening of PCx muteins in this work, named DM1868 (see

chapter 3.2; Evonik Industries AG, Halle (Westf.), Germany). In this strain, the feedback re-

sistance towards lysine is due to the mutation T311I in LysC. However, a deletion of pyc in

DM1868 caused only a 14% decrease in L-lysine production, whereas overexpression of pyc

resulted in a 60% higher L-lysine titer (see chapter 3.2). A possible explanation for these devi-

ations in lysine production might be the different strain backgrounds of DG52-5 and DM1868.

In order to be able to compare the genomes of both strains and to find further mutations in the

background of DG52-5 that could influence lysine production as well, the genome of strain

DG52-5 was sequenced in this work. Therefore, genomic DNA of C. glutamicum DG52-5 was

isolated by ethanol precipitation of a 5 ml overnight-culture. For this purpose, cells were har-

vested by centrifugation (4000 x g, 4 °C, 15 min) and re-suspended in 5 ml lysis buffer (20 mM

Tris-HCl, pH 8; 0.2 mM EDTA; 1.2% Triton X-100) containing 20 mg ml-1 lysozyme. After incu-

bation for 1 h at room temperature, 80 µl of 10% SDS and 25 µl proteinase K (20 mg ml-1

solved in TE) were added and cells were incubated for another 30 min at 70 °C. For precipita-

tion of genomic DNA, 200 µl 6 M NaCl were added and the lysate was centrifuged for 10 min

at 16 000 x g. The supernatant was mixed with 2.5 volumes of ice cold 100% EtOH and incu-

bated for 1 h at -20 °C. In the next step, DNA was sedimented by centrifugation (16 000 x g,

4 °C, 30 min) and the obtained pellet was washed once with 0.5 ml ice cold 75% EtOH. After-

wards, EtOh was removed and the pellet was air dried and suspended in 100 µl 10 mM l-1 Tris-

HCl. Finally, Illumina sequencing was performed by Dr. Tino Polen and Doris Rittmann (IBG-

1, Forschungszentrum Jülich). C. glutamicum ATCC 13032 (GenBank ID: BX927147) was

used as reference genome. In comparison to the wild-type strain ATCC 13032, 104 single

nucleotide polymorphisms (SNPs) were identified in DG52-5. 53 of them resulted in amino acid

exchanges, 24 in silent mutations, and another 3 in stop codons in the corresponding coding



126 Appendix

region. Furthermore, 25 mutations were found in intergenic regions. In addition to these SNPs,

8 insertions or deletions and 7 multiple nucleotide polymorphisms (MNPs) were found,

whereby MNPs are defined as multiple, consecutive nucleotide alterations to the wild-type

gene.

SNPs and MNPs found in DG52-5, which cause either amino acid exchanges in pro-

teins or nucleotide exchanges in rRNAs are summarized in Table 1. As expected, an amino

acid exchange (S301F) was identified in LysC causing the feedback resistance of aspartate

kinase towards lysine. The S301F exchange is located 10 amino acid residues apart from the

L311I exchange in LysC of strain DM1868 (Table 1) and both named mutations have already

been characterized in more detail (Ohnishi et al., 2002; Yoshida et al., 2010). Analysis of the

crystal structure of LysCS301F showed that the enzyme is able to bind the inhibitors lysine and

threonine despite the mutation (Yoshida et al., 2010). Deregulation is therefore probably based

on allosteric signal transduction between the individual domains of this enzyme (Chen et al.,

2011; Yoshida et al., 2010). Due to the position of L311I and S301F, a similar effect on the

regulation of aspartate kinase can be assumed, but a direct comparison of deregulation was

not performed. An altered impact of the two aspartate kinase mutations on lysine production

can therefore not be excluded.

Another mutation to be noted was found in the inositol permease IolT2. This permease cata-

lyzes not only the uptake of myo-inositol in C. glutamicum (Krings et al., 2006), but also trans-

ports glucose, which then is phosphorylated either by the ATP-dependent glucokinase

(Cg2399) or by the polyphosphate/ATP-dependent glucokinase PpgK (Cg2091) (Lindner et al.

2011). With these reactions, the phosphoenolpyruvate-dependent phosphotransferase system

(PTS) can be bypassed. Moreover, it was shown that the combined overexpression of iolT2

and ppgk caused an increased L-lysine production whereas by-product formation of lactate

and L-alanine was reduced (Lindner et al., 2011; Perez-Garcia et al., 2016). An effect on glu-

cose uptake and thus on L-lysine production in strain DG52-5 caused by the mutation G190R

in IolT2 might therefore be possible. Another mutated transporter protein in C. glutamicum

DG52-5 was the sucrose-specific component PtsS of the PTS. In contrast to IolT2, the influ-

ence of this enzyme on L-lysine production in C. glutamicum has not been investigated any

further to our knowledge.

SNPs have also been found in genes of different regulators, including sigA, encoding the

house-keeping RNA polymerase σ70 factor A (Table 1). According to CoryneRegNet

(http://coryneregnet.compbio.sdu.dk/ v6/index.html) this sigma factor acts as an activator for

at least 251 genes in C. glutamicum, including pyc and other genes of the PEP-pyruvate-OAA

node and of lysine biosynthesis (Patek and Nesvera, 2011). An increased activity of the sigma

factor can therefore presumably also change the expression of the aforementioned genes and
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thus enable an increased lysine biosynthesis. Indeed, SigA variants for increased lysine pro-

duction have already been discovered, like the variant SigAA414V, which led to an increased

lysine production of about 12% in C. glutamicum (Bathe et al., 2003). Furthermore, another

SigA variant was reported with an amino acid exchange at position 447 from leucine to histi-

dine, which also enables increased lysine production of the respective C. glutamicum strain

(Huh et al., 2016). This described mutation is at the same position as the newly identified amino

acid exchange in SigA of strain DG52-5, in which a leucine is also exchanged for a basic amino

acid, in this case arginine. Therefore, an influence of the SigA variant seems very likely and

should be investigated in more detail. Another regulator which is mutated in strain DG52-5 is

the repressor OxyR (Q210P) (Milse et al., 2014; Teramoto et al., 2013). The importance of this

regulator for the lysine producer C. glutamicum MH20-22B has already been determined in

various DNA microarrays (Sindelar and Wendisch, 2007). Lysine production in this strain

seems to trigger redox stress in the cell, which leads to an increased expression of the re-

pressor. A deletion of this regulator in turn led to a higher resistance of C. glutamicum towards

H2O2 (Milse et al., 2014). By structural alignment of 186 related sequences using the 3DM

database (Bio-Prodict BV, Nijmegen, Netherlands), it was shown that the mutated glutamine-

residue of OxyR in strain DG52-5 is highly conserved (100% Q, 0% P) and an alteration of its

activity is therefore very likely. Nevertheless, more information is required to characterize the

influence of the mutation in the regulator OxyR on L-lysine production in this strain.

Further mutations have been found for example in transporters (e.g. AbgT), enzymes of the

peptidoglycan biosynthesis (e.g. MurA and PbpA) or in various hypothetical proteins. However,

since all mutations were introduced into the genome of DG52-5 by chance, it is not possible to

make a definite statement about which genes really have an effect on lysine biosynthesis.

Further experiments such as DNA microarrays can be carried out in order to gain more insight

into the expression of these genes under different conditions. Nevertheless, a definite conclu-

sion as to whether the mutation has a positive effect on lysine production in C. glutamicum is

only possible if the mutations are introduced one by one into a lysine producing strain such as

DM1868 and changes in lysine production are analyzed.

Table 1 List of SNPs and MNPs found in C. glutamicum DG52-5, which cause an amino acid exchange in
the corresponding protein when compared to the genome sequence of the type strain ATCC 13032. If more
than one nucleotide alteration caused the specified amino acid exchange (i.e. MNP), the amino acid exchange is
marked with an *.

Locus
tag

Gene
name

Amino Acid
Exchange Gene Annotation

cg0046 L215F putative ABC transport protein, ATP-binding component

cg0060 pbpA G473E D-alanyl-D-alanine carboxypeptidase (EC:3.4.16.4)

cg0060 pbpA A227T D-alanyl-D-alanine carboxypeptidase (EC:3.4.16.4)
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Locus
tag

Gene
name

Amino Acid
Exchange Gene Annotation

cg0122 G663D putative glycerol 3-phosphate dehydrogenase

cg0122 G56D putative glycerol 3-phosphate dehydrogenase

cg0133 abgT T251I p-aminobenzoyl-glutamate transporter

cg0216 P52S putative membrane protein

cg0246 A66T glycosyl transferase

cg0284 A533V putative drug exporter of the RND-superfamily

cg0300 G317S putative tripeptide synthase involved in murein formation

cg0306 lysC S301F aspartate kinase (EC:2.7.2.4); deletion causes lysine-auxotrophy
in C. glutamicum

cg0336 ponA G736S penicillin-binding protein 1B (EC:2.4.2.-)

cg0340 S225N putative sugar/metabolite permease, MFS-type

cg0370 A356T putative ATP-dependent RNA helicase, DEAD/DEAH box-family

cg0409 E356K putative metallopeptidase

cg0422 murA I430N UDP-N-acetylglucosamine 1-carboxyvinyltransferase (EC:2.5.1.7)

cg0485 R103C hypothetical protein

cg0501 qsuA P19L putative shikimate permease, MFS-type

cg0507 G78S permease subunit of ABC-type spermidine/putrescine/ironIII trans-
porter

cg0565 gabR E475K transcriptional regulator of gabTDP genes

cg0634 rplO T146I 50S ribosomal protein L15

cg0629 rplF G82I* 50S ribosomal protein L6

cg0794 yciC A239V putative P-loop GTPase of the COG0523-family, involved in zinc
metabolism

cg0843 E977K putative helicase

cg0877 rshA G11D putative anti-sigma factor

cg1149 P27S hypothetical protein

cg1782 tnp13b M416V transposase

cg2031 P301L hypothetical protein, conserved CGP3 region

cg2049 I14T* hypothetical protein, conserved CGP3 region

cg2049 L91T* hypothetical protein, conserved CGP3 region

cg2066 D243N* putative low-complexity protein

cg2066 H245E* putative low-complexity protein

cg2092 sigA
(rpoD)

L447R RNA polymerase sigma factor A

cg2109 oxyR Q210P hydrogen peroxide sensing regulator, LysR family

cg2262 ftsY V169I signal recognition particle GTPase

cg2262 ftsY A170V* signal recognition particle GTPase

cg2353 P75S putative protein disrupted by insertion of ISCg2e

cg2353 L76I* putative protein disrupted by insertion of ISCg2e
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Locus
tag

Gene
name

Amino Acid
Exchange Gene Annotation

cg2354 tnp2e G314R transposase

cg2384 idsA V17I putative geranylgeranyl pyrophosphate synthase (EC:2.5.1.30)

cg2711 S93N putative secreted protein

cg2776 dinG G20D putative ATP-dependent DNA helicase-related protein

cg2914 tnp5b I339F transposase

cg2925 ptsS L463F sucrose-specific EIIABC component EIISuc of PTS, fructose-spe-
cific enzyme II BC (EIIFru) component of PTS (EC:2.7.1.69)

cg3151 tnp2b V168I transposase

cg3247 hrrA S201F response regulator of HrrAS two component system involved in
heme homeostasis

cg3316 P306S putative universal stress protein UspA no. 4 or related nucleotide-
binding protein

cg3322 D82N putative secreted membrane-fusion protein

cg3352 nagR
(genR)

G258E transcriptional regulator of gentisate pathway, IclR family

cg3363 trpB A39V tryptophan synthase subunit ß (EC:4.2.1.20)

cg3387 iolT2 G190R myo-inositol transporter 2, MFS-type

cg3393 phoC H71R putative secreted phosphoesterase

cg3393 phoC T1212I putative secreted phosphoesterase

cg3397 D283N hypothetical protein

cg3404 A53T putative ABC-type putative ironIII dicitrate transporter

cgr01 - 16S ribosomal RNA; nucleotide exchange A1438T

cgr03 - 5S ribosomal RNA; nucleotide exchange C115T

cgr15 - 16S ribosomal RNA; nucleotide exchange G404A

cgr17 - 23S ribosomal RNA; nucleotide exchange G2914A

6.3 Characterization of corynebacterial PCx muteins with PCx-Assay

As described in chapter 3.2, we identified PCx variants of C. glutamicum that enabled an in-

creased L-lysine production from glucose. These variants carry the amino acid exchanges

T132A, T343A, and I1012S. Since it has not yet been possible to clarify why these mutations

lead to an increased L-lysine production in C. glutamicum, the individual mutations were char-

acterized in more detail with the PCx assay presented in chapter 3.3. Initial results have al-

ready been described in the publication reported in chapter 3.3, but are explained in more

detail in the following.
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For kinetic characterization of PCx variants, C. glutamicum DM1868Δpyc was trans-

formed with either pAN6-pycT132A, pAN6-pycT343A, or pAN6-pycI1012S. Plasmids were con-

structed by amplifying the corresponding pyc gene from genomic DNA of strains DM1868

pycT132A, DM1868 pycT343A or DM1868 pycI1012S, respectively, with the primers Pyc-NdeI-for

(GCTCTAGACGCATATGTCGACTCACACATCTTC) and Pyc-MfeI-rev (CTTAA-

GCTTCAATTGAAAGCCCCGCCTCCTCC) purchased from Eurofins MWG Operon (Ebers-

berg, Germany). The generated PCR fragments were cut with NdeI/MfeI (FastDigest restriction

enzymes, Thermo Fisher Scientific, Waltham, MA, USA) and cloned into pAN6 that was cut

with NdeI/EcoRI (Thermo Fisher Scientific, Waltham, MA, USA). Afterwards, plasmids were

transferred into C. glutamicum DM1868∆pyc. Strain cultivation, purification and enzyme as-

says are performed as described in chapter 3.3.

In all purifications and activity assays, wild-type PCx (PCxwt) was included in parallel as

an internal control to exclude differences in the experimental settings. During the purification

process of the three PCx variants, no differences to wild-type PCx were observed with respect

to purity or protein yield, indicating that the PCx variants show comparable stability as the wild-

type protein. The activity of the three purified PCx variants was compared to PCxwt under

standard conditions with 40 mM KHCO3 and 6 mM ATP. The maximal specific activities at

saturating pyruvate concentrations were 23.8 ± 2.1, 20.7 ± 0.0, and 30.5 ± 2.0 µmol min-1 (mg

protein)-1) for PCxT132A, PCxT343A, and PCxI1012S and thus within the same range as PCxwt (24.9

± 2.5 µmol min-1 (mg protein)-1). The higher activity observed for PCxI1012S might be relevant

for increased lysine production. The Km values for pyruvate of the three PCx variants were also

in a similar range as the one of PCxwt (3.8 ± 0.7 mM) with 3.2 ± 0.6 mM, 2.4 ± 0.0 mM, and 4.2

± 0.4 mM for PCxT132A, PCxT343A, and PCxI1012S, respectively. The somewhat lower value deter-

mined for PCxT343A might be of relevance for the positive influence of this variant on lysine

production.

In further experiments, the effects of ADP, aspartate, and acetyl-CoA on the activity of the

three PCx variants were determined (Figure 8). All variants showed strong inhibition by ADP,

but no significant changes with respect to the Ki values compared to PCxwt (Figure 8A). The

response of the PCx variants towards acetyl-CoA was quite unusual and similar to the re-

sponse of PCxwt: Up to 50 µM, acetyl-CoA had a slight inhibitory effect on all PCx variants,

which was reversed at higher concentrations (Figure 8B). At concentrations of about 250 µM

acetyl-CoA and above, about the same activity was measured as in the absence of acetyl-

CoA, except for PCxT343A, for which the activity at 1000 µM acetyl-CoA was only about 85% of

the activity of PCxwt. When intracellular concentrations of acetyl-CoA were determined in the

wild-type strain C. glutamicum ATCC 13032, about 24 µM were measured in cells grown on

minimal medium supplemented with glucose and about 155 µM in cells grown with glucose

and acetate (Wendisch et al., 1997). For E. coli K12, cytosolic concentrations between 20 and
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600 µM acetyl-CoA were reported (Takamura and Nomura, 1988). The small inhibitory effect

detected at 500-1000 µM acetyl-CoA for PCxT343A therefore seems to be at the upper limit of

the physiological range of this effector and a significance for L-lysine production is therefore

unlikely.

Figure 8 Influence of ADP (A), acetyl-CoA (B), and aspartate (C) on the activity of purified PCxwt and the
variants PCxT132A, PCxT343A,  and PCxI1012S. Activities were measured in the standard assay mixture supple-
mented with the indicated concentration of ADP, aspartate, and acetyl-CoA. The activities were plotted as per-
centage of PCx activity measured in the absence of these metabolites, which was set as 100%. Mean values of
at least two independent enzyme preparations of two biological replicates with standard deviations are shown
for the mutated PCx variants. For wild-type PCx mean values of at least three independent enzyme preparations
with standard deviations are shown.
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In the case of aspartate, PCxI1012S showed a similar response as PCxwt, however,

PCxT132A and PCxT343A displayed a different pattern, as already described in chapter 3.3.

These variants were less sensitive to aspartate at low concentrations (≤ 5 mM) and their

activity was not inhibited at all up to 7.5 mM aspartate (Figure 8C). The apparent Ki values

for aspartate were 13.2 mM for PCxT132A and 10.8 mM for PCxT343A and thus higher com-

pared to the Ki value of PCxwt (9.3 mM). The weakened feedback inhibition by aspartate

could be a possible explanation for increased L-lysine production in strains expressing

pycT343A and pycT132A.

6.4 Expression of heterologous pyc variants in Corynebacterium glutamicum

In order to test whether the function of native PCx in C. glutamicum (PCxCg) can be replaced

by heterologous enzymes and whether these might have a positive effect on L-lysine produc-

tion, pyc genes of three different bacteria were selected for overexpression in C. glutamicum.

PCx from Staphylococcus aureus (pycSa) was chosen since it is well characterized and its

crystal structure is known (Xiang and Tong, 2008). Due to its close phylogenetic relationship

to C. glutamicum, PCx of Mycobacterium smegmatis (pycMs) was picked as the second enzyme

to be evaluated. Both, PCxSa and PCxMs, consist of four identical subunits and therefore belong

structurally to the α4-type PCx proteins, like PCxCg. In order to additionally examine a PCx with

an α4β4 structure, PCx of Pseudomonas aeruginosa was also selected for expression in C. glu-

tamicum. In PCx of the α4β4 type, the enzyme is composed of two polypeptide chains, which

in the case of P. aeruginosa are encoded by the genes pycA and pycB (Lai et al., 2006). Se-

quence alignment of all enzymes revealed a 66% identity between PCxCg and PCxMs, whereas

PCxSa and  PCxPa show 46% and 37% sequence identity to the enzyme of C. glutamicum,

respectively (an alignment is shown in chapter 3.2.1). For overexpression, the heterologous

genes were amplified from genomic DNA of the strains mentioned in the legend of Figure 9

and cloned into the vector pAN6. Subsequently, the deletion mutant C. glutamicum

DM1868Δpyc harboring the lysine sensor plasmid pSenLys-Spec (Schendzielorz et al., 2014)

was transformed with the generated plasmids or pAN6-pycCg (construction described in chap-

ter 3.2). Additionally, strain DM1868Δpyc/pSenLys-Spec/pAN6 devoid of any pyc gene was

created as negative control. First, complementation experiments of all strains were performed

in CGXII minimal medium (Keilhauer et al., 1993) with either 4% (wt/vol) glucose or 2% (wt/vol)

Na-D,L-lactate as sole carbon source. For this purpose, all strains were cultivated in a Bio-

lector® system (m2p-labs, Baesweiler, Germany) using 48-well microtiter plates (Flowerplates,

m2p-labs, Baesweiler, Germany) at 30 °C for 24 h, with 0 or 1 mM IPTG added to the medium.

After 24 h, cells were harvested by centrifugation and the L-lysine concentration was deter-

mined in the culture supernatants via HPLC.
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Figure 9 Plasmid maps of pAN6-pycMs, pAN6-pycPa and pAN6-pycSa. The pycMs gene was amplified from M.
smegmatis NCTC8159 (ERS451418_02426) with primers pyc-MS-for (CAGAAGGAGA-
TATACAATGATCTCCAAGGTGCTCGTCGC) and pyc-MS-rev (GGTGGGACCAGCTAGTGACCACCACCAG-
CAGATCG) resulting in a PCR product of 3410 bp. The pycSa gene was amplified from S. aureus NCTC 8325
(SAOUHSC_01064) with primers pyc-SA-for (CAGAAGGAGATATACAATGAAACAAATAAAAAAGTTAC) and
pyc-SA-rev (GGTGGGACCAGCTAGAGTCAGTTGCTTTTTCAAT) resulting in a 3451 bp PCR-fragment. The
pycA (PA5436) and pycB (PA5436) genes were amplified as one PCR product of 3284 bp from genome of P.
aeruginosa PA01 with primers pyc-PA-for (CAGAAGGAGATATACAATGATCAAGAAGATCCTGATCG) and pyc-
PA-rev (GTGGGACCAGCTAGAGCCCGCAATCTCGATCAGG). All PCR products were cloned into an empty
pAN6 vector, which was cut with NdeI and EcoRI, by self-prepared Gibson assembly master mix (Gibson, 2011).

When cultured on glucose in the absence of IPTG, all strains had about the same growth

rate of µ = 0.29 h-1 (Figure 10A). The lysine production of strains with heterologous PCx was

slightly increased by 3-9% compared to the negative control without pyc, whereas the strain

with homologous pycCg showed an increase of about 20% (Table 2). This observation can be

explained by the basal expression of the respective pyc gene in the absence of the inducer

IPTG. The considerably higher lysine production with homologous PCx can be due to a more

efficient gene expression of the pyc gene or due to a higher activity of PCxCg in C. glutamicum.
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Figure 10 Growth analysis of strains DM1868Δpyc/pSenLys-Spec harboring either pAN6, pAN6-pycCg,
pAN6-pycMs, pAN6-pycPa or pAN6-pycSa. For cultivation, first a preculture in 5 ml BHI was cultivated for 8 h at
30 °C, which was subsequently used to inoculate a second preculture in CGXII minimal medium supplemented
with 4% (wt/vol) glucose, which was incubated overnight at 30 °C. The main cultures were finally inoculated to
an OD600 of 1 in 800 µl CGXII minimal medium containing 4% (wt/vol) glucose (A) or 2% (wt/vol) Na-D,L-lactate
(B) as sole carbon source and cultivated for 24 h at 30 °C in a Biolector® system (m2p-labs, Baesweiler, Ger-
many). Additionally, 0 or 1 mM IPTG were added at the beginning of the cultivation. All media mentioned above
were supplemented with required antibiotics (25 mg l-1 kanamycin and 250 mg l-1 spectinomycin). Mean values
of three biological replicates with corresponding standard deviations are shown.

When cultured on glucose with 1 mM IPTG, a growth defect was observed for strain

DM1868Δpyc/pSenLys-Spec/pAN6-pycPa (µ = 0.11 ± 0.00 h-1) (Figure 10A). The L-lysine titer

of this strain was decreased by about 28% compared to the culture without IPTG (Table 2).

These effects suggest that strong expression of pycA and pycB stress the cells. Induction of

overexpression of pycSa with 1 mM IPTG had neither an effect on the growth rate nor on L-

lysine production (Figure 10A, Table 2). Consequently, the L-lysine concentration was almost

33% lower compared to the strain encoding PCxCg. For the strain with PCxMs the L-lysine con-

centration increased after induction with IPTG up to 28.5 ± 0.2 mM, while the growth rate re-

mained essentially unchanged (0 mM IPTG: 0.29 ± 0.02 h-1; 1 mM IPTG: 0.28 ± 0.00 h-1).
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Table 2 L-Lysine production of C. glutamicum DM1868Δpyc/pSenLys-Spec harboring either pAN6, pAN6-
pycCg, pAN6-pycMs, pAN6-pycPa or pAN6-pycSa. All strains were grown as 800 µl cultures in a Biolector® system
(m2p-labs, Baesweiler, Germany) with either 4% (wt/vol) glucose or 2% (wt/vol) Na-D,L-lactate. After 24 h, cells
were harvested by centrifugation and the L-lysine concentration in the supernatant was determined via HPLC. Mean
values of three biological replicates with corresponding standard deviations are shown.

1 in comparison to the strain DM1868Δpyc/ pSenLys-Spec/ pAN6

Comparing the results of the strain expressing pycMs to the strain expressing the native pycCg

gene, it becomes apparent that the highest L-lysine titer was obtained with PCxCg. Here an

increase of about 48% after induction with 1 mM IPTG up to 33.6 ± 5.7 mM could be observed,

which is about 1.2-fold higher compared to the strain expressing pycMs.

Furthermore, it was tested whether heterologous pyc genes enable the deletion mutant

DM1868Δpyc to grow on lactate as sole carbon source, which requires PCx activity (Peters-

Wendisch et al., 1997). As expected, almost no growth could be detected for all strains without

the induction of pyc expression (Figure 10B, Table 2). Nevertheless, especially in strains with

PCxCg and PCxPa, lysine concentrations were observed to be 2.6 or 2 times higher compared

to the negative control with empty plasmid, respectively, due to basal expression. When 1 mM

IPTG was added to the media, the strain with PCxCg was able to grow (µ ~ 0.19 ± 0.03 h-1) and

the L-lysine concentration in the supernatant increased up to 7.1 ± 0.2 mM. The heterologous

Strain 4% (wt/vol) glucose

DM1868Δpyc/
pSenLys-Spec

0 mM IPTG L-lysine in-/
decrease1

1 mM IPTG L-lysine in-/
decrease1

/pAN6 21.0 ± 1.0 - 22.7 ± 0.2 -

/pAN6-pycCg 25.2 ± 0.6 20.0% 33.6 ± 5.7 48.0%

/pAN6-pycMs 22.5 ± 0.2 7.1% 28.5 ± 0.2 25.6%

/pAN6-pycPa 22.9 ± 0.5 9.0% 16.5 ± 1.0 -27.3%

/pAN6-pycSa 21.7 ± 1.0 3.3% 22.6 ± 1.8 -0.4%

Strain 2% (wt/vol) lactate

DM1868Δpyc/
pSenLys-Spec

0 mM IPTG L-lysine in-/
decrease1

1 mM IPTG L-lysine in-/
decrease1

/pAN6 1.1 ± 0.1 - 1.1 ± 0.2 -

/pAN6-pycCg 2.6 ± 0.1 136.4% 7.1 ± 0.2 545.5%

/pAN6-pycMs 1.3 ± 0.1 18.2% 8.2 ± 0.2 645.5%

/pAN6-pycPa 2.2 ± 0.1 100.0% 7.3 ± 0.1 563.6%

/pAN6-pycSa 0.9 ± 0.1 -18.2% 0.9 ± 0.2 -18.2%
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enzymes PCxPa and PCxMs were able to take over the function of the native PCx at least par-

tially after induction and enabled growth on lactate as the sole carbon source of the deletion

mutant DM1868Δpyc (Figure 10B). Strain DM1868Δpyc/pSenLys-Spec/pAN6-pycPa showed a

growth rate of 0.13 ± 0.00 h-1, whereas the strain harboring pAN6-pycMs had a growth rate of

0.22 ± 0.02 h-1. The fact that these enzymes are functionally expressed in C. glutamicum was

also shown by the L-lysine titers: the concentration in the supernatant of the strain harboring

PCxPa increased from 2.2 ± 0.1 mM up to 7.3 ± 0.1 mM, which is about the same concentration

as detected with PCxCg. After induction of the strain with PCxMs with 1 mM IPTG, an even

higher L-lysine titer was determined: here the concentration increased about 6-fold from 1.3 ±

0.1 mM to 8.2 ± 0.2 mM. An explanation for this increased titer could be a higher activity of the

PCxMs, since a maximal specific activity of up to 150 μmol min-1 (mg protein)-1 was reported for

this enzyme (Mukhopadhyay and Purwantini, 2000), whereas PCx from C. glutamicum showed

a maximal specific activity of about 20–25 μmol min-1 (mg protein)-1 (chapter 3.3). Neverthe-

less, the conditions used for the determination of the mentioned specific activities were not the

same and measurements under identical conditions are required for a reliable comparison. In

contrast to expression of pycMs, no growth of the strain DM1868Δpyc/pSenLys-Spec/pAN6-

pycSa on lactate was observed, even after the addition of IPTG (Figure 10B). Moreover, the

lysine concentration in this strain did not increase after induction, as it was already observed

for the production on glucose. These results indicate that this enzyme cannot take over the

function of the homologous PCx in C. glutamicum.
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