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Abbreviations

Abbreviations
A 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--D-thiogalactopyranoside
LysC aspartate kinase
Ki inhibitor constant
Km Michaelis constant
M molar (mol/l)
MNP multiple nucleotide polymorphism
M, molecular weight
NADP(H) nicotinamide adenine dinucleotide phosphate, oxidized/reduced
OAA oxaloacetate
0OD600 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
wit wild-type
wt/vol weight per volume

Further abbreviations not included in this section are according to international standards, as, for example listed in
the author guidelines of the FEBS Journal.
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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 MBO001 under the control of the IPTG-inducible /acUV5 promoter, resulting in strain MB0O01(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 uM 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 110128 gnd PCxT'32A enabled an increase of the lysine
titer by 9% and 19%, respectively, after plasmid-based overexpression of the respective genes in the
strain DM1868Apyc/pSenLys-Spec. When the mutations were introduced one by one into the genome
of the lysine-producing strain DM1868, the variant PCx™3?A produced 7% more lysine and PCx™4*A 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, K, 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 K;values of 1.5 mM and 9.3 mM, respectively. Initial characterization
of the variants PCx"'3?A and PCx™43A revealed that their activity was not inhibited up to aspartate con-
centrations of approx. 7.5 mM. The K; values of 13.2 mM for PCx"'32A and 10.8 mM for PCx™*3* were
higher than for wild-type PCx and provide an explanation for the increased lysine production obtained
with these variants in C. glutamicum.



2 Summary

1.2 Summary German

Corynebacterium glutamicum ist einer der wichtigsten Modellorganismus in der Weif3en Biotechnologie
und wird zur industriellen Produktion zahlreicher Aminosauren, insbesondere von L-Glutamat und L-
Lysin, aber auch weiteren Metaboliten und Proteinen eingesetzt. Um die Einsatzmoglichkeiten dieses
Organismus fiir die Umwandlung von nachwachsenden Rohstoffen in industriell relevante Verbindun-
gen weiter auszubauen, wurden in der vorliegenden Arbeit zwei verschiedene Ansatze 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. Dafuir wurde das T7 RNA-Polymerase-Gen (gene 1) unter Kontrolle des IPTG-induzierbaren
lacUV5 Promotors in den Prophagen-freien Stamm C. glutamicum MBO001 integriert, was im Stamm
MBO0O01(DE3) resultierte. Zusatzlich 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 konnen. Das T7-Expressionssystem wurde zunachst 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 yM IPTG um das 450-fache und war 3,5-fach hoher 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 héheren Men-
gen als mit dem pEKEx2-System produziert werden kdnnen.

Im zweiten Teil dieser Arbeit wurde ein genetisch kodierter Biosensor fiir die cytoplasmatische Lysin-
Konzentration verwendet, um nach Enzym-Varianten der Pyruvat-Carboxylase (PCx) zu screenen, die
eine verbesserte L-Lysin-Produktion ermdglichen. PCx katalysiert die ATP-abhangige Carboxylierung
von Pyruvat zu Oxalacetat und spielt eine wichtige Rolle als anaplerotisches Enzym. Es flllt den Tricar-
bonsaurezyklus wahrend des Wachstums auf Zuckern wieder auf, wenn Zwischenprodukte durch ab-
zweigende Stoffwechselwege aus dem Zyklus entfernt worden sind. Diese Reaktion ist z.B. fir die L-
Lysin-Produktion von groker Bedeutung und es konnte bereits gezeigt werden, dass eine Uberexpres-
sion des pyc-Gens sowie die Mutation P458S in PCx zu einer erhdhten L-Lysin-Ausbeute in C. glutami-
cum fihren. Um weitere vorteilhafte Mutationen fur 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 110128 ynd PCxT'32A ermog-
lichten eine Erhéhung des Lysin-Titers um 9% und 19% nach Plasmid-basierter Uberexpression der
entsprechenden Gene im Stamm DM1868Apyc/pSenLys-Spec. Wurden die Mutationen einzeln in das
Genom des Lysin-Produzenten DM1868 eingebracht, konnte mit der Variante PCx™'32A 7% mehr Lysin
produziert werden, mit PCx™4*A 15% mehr im Vergleich zum Stamm DM1868 mit Wildtyp-PCx.

In friheren Studien konnte die PCx-Aktivitat von C. glutamicum nur mit permeabilisierten Zellen gemes-
sen werden. Fur eine detailliertere Charakterisierung wurden Bedingungen geschaffen, die die Messung
der PCx-Aktivitat in zellfreien Extrakten und die Isolierung des Enzyms in aktiver Form ermdglichten.
Fir die gereinigte PCx wurden so K,-Werte von 3,8 mM fir Pyruvat, 0,6 mM fur ATP und 13,3 mM fir
Bicarbonat bestimmt. ADP und Aspartat hemmten die PCx-Aktivitat mit K-Werten von 1,5 mM bzw.
9,3 mM. Eine erste Charakterisierung der Varianten PCx"'3?A und PCx™34%A ergab, dass ihre Aktivitaten
bis zu einer Aspartat-Konzentration von ca. 7,5 mM nicht gehemmt waren. Die K; Werte waren mit
13,2 mM fiir PCx™32A und 10,8 mM fiir PCx™*3* entsprechend héher und liefern damit eine erste Erkla-
rung fur die erhéhte Lysin-Produktion, die mit diesen Varianten in C. glutamicum erzielt wurden. Fir
PCx'"912S 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 (lkeda 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 (lkeda 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; Stabler 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 etal., 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; Baumchen 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 (KaB et al. 2014) as well as its ability to grow to very high cell
densities with growth rates of up to g = 0.6 h™' 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; Santamaria et al., 1984; Tauch et al., 2003). Today, most vectors are based
on the plasmids pBL1 (Santamaria 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 (Pc), which is repressed by
Lacl in the absence of the inducer IPTG. The expression of /acl in turn is controlled by the
promoter lacl?(q stands here for quantity), which carries a mutation in its -35 sequence, thereby
allowing a 10-fold higher expression of the lacl 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 (Piacuvs), the expression of target genes
was now inducible by addition of IPTG (Studier and Moffatt, 1986). The construct was placed
on the A-lysogen DE3, which was integrated into the genome of E. coli BL21, resulting in strain
E. coliBL21(DE3). Moreover, for a tight repression of the system in the absence of the inducer
IPTG, a constitutively expressed lacl gene encoding the Lacl repressor as well as the operator

sequences 0+-O3 are also located on the A-DE3-sequence.
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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 Piacuvs. If no IPTG is added to the cell, the re-
pressor Lacl, which is constitutively synthesized, binds to the operator sequence of Piac uvs and Py7iac. As a
consequence, the expression of gene 7 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 P17 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, P17 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 /acl in the A-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 lacl gene to increase the Lacl concentration. In addition, a Lacl-operator sequence is
cloned downstream of Ptz 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, /acl 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 Lacl is relatively low compared to O and they only have a marginal effect on the repression
of Piacuvs (Fried and Crothers, 1981; Pfahl et al., 1979). However, if Lacl binds to O+, 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 Pr7
will not be expressed. After addition of IPTG, the inducer forms a complex with Lacl, in which
the inducer promotes a conformation of Lacl with lower binding affinity towards the operator.
The Lacl-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 CO- (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 avda= 'up' and TTAnpow= '"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 Cs- and Cs-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 CO.. 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 CO.. 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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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.

Unlike many other organisms, C. glutamicum possess two Cs-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 umol min™* mg™ 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 presentin C. glutamicum (Cremer
et al., 1991; Gubler and et al., 1994; Peters-Wendisch et al., 1993; Tosaka et al., 1979). With
3C-nuclear magnetic resonance ('*C-NMR) and gas chromatography-mass spectrometry
analysis as well as H'*COs—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 Cs precursors, whereas



Introduction 11

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 Cs 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 a4f3s form, PCx consists of two polypeptides with a mass of ~55 kDa (a)
and ~70 kDa (B) (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 a4 form is composed of a single polypeptide with a mass of about ~130 kDa (Jitrapakdee
et al., 2008). This a4 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-CO. + MgADP + P;
enzyme-biotin-CO,- + 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 HCOs (Peters-
Wendisch et al., 1997). Aspartate and ADP inhibited the enzyme with K;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 as-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 K; 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 I'" L-lysine-HCI with conversion yields up to 50% (lkeda, 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
T3111 (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 PEPCXx, 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 Cs-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 T311l 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.
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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 MurE®®'E and Mu-
rEY2'F. 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 LysC™'"" (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 ADE3. In strain MB0OO1 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 MB0O1. 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 uM 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 DM1868Apyc. 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 pyc™$A110128  C_ glutamicum DM1868Apyc was able to produce about 9% more
lysine compared to the strain expressing wild-type pyc. The second variant identified was
PCx™32A 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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pyc™3?A and DM1868 pyc™*** 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, Vimax values
between 20 and 25 ymol min~" mg™' of PCx were determined in a coupled enzyme assay with
malate dehydrogenase. K, 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 K; 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 uM, which was even reversed at higher concentrations. This result differs from previously

reported data obtained with permeabilized cells.
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Summary

Corynebacterium glutamicum has become a favourite
model organism in white biotechnology. Neverthe-
less, only few systems for the regulatable
(over)expression of homologous and heterologous
genes are currently available, all of which are based
on the endogenous RNA polymerase. In this study, we
developed an isopropyl-p-p-1-thiogalactopyranosid
(IPTG)-inducible T7 expression system in the
prophage-free strain C. glutamicum MBO001. For this
purpose, part of the DE3 region of Escherichia coli
BL21(DE3) including the T7 RNA polymerase gene 1
under control of the lacUV5 promoter was integrated
into the chromosome, resulting in strain MB001(DE3).
Furthermore, the expression vector pMKEx2 was con-
structed allowing cloning of target genes under the
control of the T7/ac promoter. The properties of the
system were evaluated using eyfp as heterologous
target gene. Without induction, the system was tightly
repressed, resulting in a very low specific eYFP fluo-
rescence (=fluorescence per cell density). After
maximal induction with IPTG, the specific fluores-
cence increased 450-fold compared with the
uninduced state and was about 3.5 times higher than
in control strains expressing eyfp under control of the
IPTG-induced tac promoter with the endogenous RNA
polymerase. Flow cytometry revealed that T7-based
eyfp expression resulted in a highly uniform popula-
tion, with 99% of all cells showing high fluorescence.
Besides eyfp, the functionality of the corynebacterial
T7 expression system was also successfully demon-
strated by overexpression of the C. glutamicum pyk
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gene for pyruvate kinase, which led to an increase of
the specific activity from 2.6 to 135 U mg™. It thus
presents an efficient new tool for protein overproduc-
tion, metabolic engineering and synthetic biology
approaches with C. glutamicum.

Introduction

The recombinant production of proteins is a highly impor-
tant issue in industrial biotechnology as well as in scien-
tific research. Many different expression systems have
been established in various eukaryotic and prokaryotic
organisms (Demain and Vaishnav, 2009). Due to their
easy handling and well-established genetic tools, bacteria
are broadly used to express heterologous and homolo-
gous genes (Baneyx, 1999; Terpe, 2006; Chen, 2012).
One of the most popular and commonly used systems for
high-level protein production in Escherichia coli is the T7
expression system developed by Studier and Moffatt
(1986). It is based on the RNA polymerase (RNAP) of
bacteriophage T7, which shows a number of beneficial
properties: (i) single-subunit enzyme in contrast to multi-
subunit bacterial RNAP, (ii) high processivity, (iii) high
specificity towards the T7 promoter, (iv) independence of
auxiliary transcription factors, (v) production of very long
transcripts, and (vi) termination only by class | and class Il
termination signals that differ significantly from bacterial
transcription termination sites (Chamberlin and Ring,
1973; Macdonald etal.,, 1994; Lyakhov etal, 1998).
Expression hosts like E. coli BL21(DE3) carry a single
copy of gene 1 for T7 RNAP located chromosomally on a
ADES lysogen (Studier and Moffatt, 1986). In strain E. coli
BL21(DE3), transcription of gene 1 is controlled by a
lacUV5 promoter, allowing repression by Lacl and induc-
tion with isopropyl-p-D-1-thiogalactopyranoside (IPTG).
The expression of desired target genes is controlled by
the T7 promoter, which is usually present on a suitable
expression vector. To minimize basal transcription, a Lacl
binding site can be introduced in front of the target gene,
placing both gene 1 and the target gene under the control
of the Lacl repressor (Dubendorff and Studier, 1991). The
characteristics of the T7 RNAP-dependent expression
system permit a very efficient and exclusive expression of

© 2014 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.
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genes under control of the strong T7 promoter. Due to its
favourable properties, the T7 RNAP-based expression
system has also been established in a variety of other
bacteria, such as Pseudomonas aeruginosa (Brunschwig
and Darzins, 1992), Pseudomonas putida (Herrero et al.,
1993), Ralstonia eutropha (Barnard et al., 2004), Bacillus
megaterium (Gamer et al., 2009), Streptomyces lividans
(Lussier et al., 2010), Rhodobacter capsulatus (Katzke
etal., 2010; Arvani etal., 2012) and Corynebacterium
acetoacidophilum (Equbal et al., 2013).

Corynebacterium glutamicum is a Gram-positive soil
bacterium of the order Corynebacteriales and serves in
industry as the major host for production of amino acids,
with L-glutamate and L-lysine being the most important
ones. Efficient strains are available also for the synthesis
of a variety of other amino acids, for example L-leucine
(Vogt et al., 2013), L-serine (Stolz et al., 2007) or D-serine
(Stabler et al., 2011). Furthermore, a variety of other com-
mercially interesting metabolites can be produced with
C. glutamicum (Becker and Wittmann, 2012), such as
organic acids (Wendisch et al., 2006; Okino et al., 2008;
Litsanov etal, 2012a,b; Wieschalka etal, 2013),
diamines (Mimitsuka et al., 2007; Kind and Wittmann,
2011; Schneider and Wendisch, 2011) or alcohols (Inui
etal., 2004; Smith etal., 2010; Blombach et al., 2011;
Yamamoto et al., 2013). Despite its complex cell envelope
(Bansal-Mutalik and Nikaido, 2011; Marchand et al., 2012;
Laneelle et al., 2013), C. glutamicum is also an efficient
host for the secretory production of heterologous proteins
(see Kikuchi et al., 2008; Scheele et al., 2013; Matsuda
etal., 2014; and references therein). Based on the broad
spectrum of products and its robustness in large-scale
production processes, C. glutamicum has become a plat-
form and model organism in industrial biotechnology
(Eggeling and Bott, 2005; Burkovski, 2008; Yukawa and
Inui, 2013).

The development of production strains often requires
the controlled expression of target genes or operons. All
currently available systems for controlling gene expres-
sion in C. glutamicum are based on transcription by the
endogenous RNA polymerase (Kirchner and Tauch, 2003;
Eggeling and Reyes, 2005; Nesvera and Patek, 2011;
Patek et al., 2013). In this study, we constructed an IPTG-
inducible expression system in C. glutamicum that is
based on T7 RNAP. We characterized the properties of
this system with the eyfp gene for enhanced yellow fluo-
rescent protein (Perez-Jimenez et al., 2006), which allows
for analysing population heterogeneity by flow cytometry,
and the homologous pyk gene for pyruvate kinase as a
test case for overproduction of a cytosolic enzyme. The
results obtained show that the T7 system allows very
efficient and controllable protein overproduction in
C. glutamicum to levels that outperform currently avail-
able systems.

Results and discussion

Construction of a T7 RNAP-dependent expression
system for C. glutamicum

In this study, a T7 RNAP-dependent expression system
was developed for C. glutamicum based on a
chromosomally encoded T7 RNAP and a vector in which
the target gene was placed under the control of a T7
promoter. For regulatable chromosomal expression of the
T7 RNAP gene 1, a 4.47 kb fragment (sequence is shown
Fig. S1) was amplified by polymerase chain reaction
(PCR) from the genome of E. coli BL21(DE3) (Table 1)
with oligonucleotides DE3-for and DE3-rev (Table 2) that
contains the repressor gene lacl under the control of its
native promoter, lacZo, and T7 gene 1, the latter two
under the control of the lacUV5 promoter, including three
Lacl operator sites O1-O3 (Fig. 1A). The fragment was
used to construct plasmid pK18mobsacB-DE3 (Table 1),
in which the DE3 insert is flanked by adjacent 800 bp
regions covering the genes cg1121 (encoding a permease
of the major facilitator superfamily) and cg1122 (encoding
a putative secreted protein) and their downstream regions
(Fig. 1A). Via homologous recombination (Niebisch and
Bott, 2001), the DE fragment was integrated into the
intergenic region of cg1121-cg1122 within the genome of
C. glutamicum MB001 (NC_022040.1), a prophage-free
derivative of the type strain ATCC 13032, which showed a
higher expression level for eYFP than the parent strain
(Baumgart et al., 2013b). The insertion site is located
340 bp downstream of the c¢g1121 stop codon.
Kanamycin-sensitive and sucrose-resistant clones were
checked by PCR and sequence analysis for the correct
chromosomal insertion of the DE fragment and the gen-
erated strain was named C. glutamicum MB001(DE3).
For exclusive transcription by T7 RNAP, the target gene
has to be under control of a T7 promoter. Therefore, a
suitable expression vector was constructed based on
the shuttle vector pJC1, which contains the pHM1519
replicon for C. glutamicum and the pACYC177 replicon
for E. coli (Cremer et al., 1990). In order to provide unique
restriction sites for BamHI, Xbal and Sall in the multiple
cloning site (MCS) to be inserted, the corresponding
restriction sites in the backbone sequence of pJC1 were
deleted in advance. For this purpose, pJC1 was digested
with BamHI and Sall, the resulting 5’-overhangs filled in
with Klenow polymerase and re-circularized via blunt end
ligation, resulting in pJC1ABXS. A 1.97 kb fragment of
plasmid pET52b(+) containing lacl, the T7 promoter, the
lac operator and the downstream MCS was amplified with
the oligonucleotides pETEx-for and pETEx-rev and
inserted into the unique Pstl restriction site of pJC1ABXS.
After insertion of the expression cassette, an Ncol restric-
tion site in the pJC1 backbone was removed by exchang-
ing a single base (CCATTG — CCATAG). The resulting

© 2014 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology
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Table 1. Bacterial strains and plasmids used in this study.

Strain or plasmid

Relevant characteristics

Source

Strain
E. coli BL21(DE3)
E. coli DH50.

C. glutamicum MBO001

C. glutamicum
MBO001(DE3)
Plasmid
pEKEx2

pEKEx2-eyfp
pET-52b(+)

pJC1
pJC1-venus-term
pJC1ABXS
pJC1-Pc-eyfp
pK18mobsacB
pK18mobsacB-DE3

pMKEx2

pMKEx2-eyfp
pMKEXx2-pyk

F ompT hsdSB(rs' mg’) gal dem (Iclts857 ind1 Sam7 nin5 lacUV5-T7 gene 1)

F ¢80/acZAM15 A(lacZYA-argF)U169 recA1 endA1 hsdR17(rk, mk*) phoA
SupE44 thi-1 gyrA96 relA1 A

Type strain ATCC 13032 with deletion of prophages CGP1 (cg1507-cg1524),
CGP2 (cg1746-cg1752), and CGP3 (cg1890-cg2071)

MBO001 derivative with chromosomally encoded T7 gene 1 (cg1122-P.c-lacl-
Pcuvs —lacZo-T7 gene 1-cg1121)

Kan®; C. glutamicum/E. coli shuttle vector for regulated gene expression
(Piac, lacl®, pBL1 oriVeg, pUC18 oriVe)

Kan®; expression plasmid carrying the eyfp gene under the control of the tac
promoter

AmpP; E. coli vector for expression of target genes under control of the T7
promoter (pBR322 orig., P17, lacl)

Kan®; E. coli/C. glutamicum shuttle vector (pHM1519 oricg, PACYC177 oricc);

Kan®; pJC1 derivative containing venus gene and additional terminators

Kan®; pJC1 derivative lacking BamHI, Xbal, and Sall restriction sites

Kan®; pJC1 derivative containing the eyfp gene under the control of the P

Kan®; vector for allelic exchange in C. glutamicum (oriT oriVe, sacB lacZo)

Kan®; pK18mobsacB derivative containing the 4.5 kb ADE3 region (Pu.q, lacl,

Prcuvs, gene 1) from E. coli BL21(DE3) flanked by two 800-bp DNA regions for

homologous recombination into the intergenic region of cg1121 and cg1122

Kan®; E. coli/C. glutamicum shuttle vector based on pJC1 for expression of target
genes under control of the T7 promoter (Piq, lacl, Pr7, lacO1, N-term. Strepstag

Il, MCS, C-term. Hisetag, pHM1519 oricg; pPACYC177 oriec)
Kan®; pMKEx2 derivative containing the eyfp gene under control of Pt
Kan®; pMKEx2 derivative with the C. glutamicum pyk gene under control of Pr;

(Studier and Moffatt, 1986)
Invitrogen

(Baumgart et al., 2013b)

This study

(Eikmanns et al., 1991)
(Hentschel et al., 2013)
Novagen

(Cremer et al., 1990)
(Baumgart et al., 2013a)
This study

This study

(Schafer et al., 1994)
This study

This study

This study
This study

expression vector was named pMKEx2 (GenBank acces-
sion number KM658503) and allows fusion of the target
protein either with an N-terminal Streptag Il or with a
c-terminal decahistidine tag (Fig. 1B).

Characterization of T7 RNAP-dependent expression
system in C. glutamicum with the heterologous
target protein eYFP and comparison with
Puc-based expression

To analyse the functionality and efficiency of the newly
constructed T7 expression system in C. glutamicum, the
heterologous model protein eYFP (Perez-Jimenez et al.,
2006) was used as target, as it allows easy detection also
at the single-cell level by fluorescence microscopy and

Table 2. Oligonucleotides used in this study.

fluorescence-activated cell sorting (FACS). The eyfp gene
was amplified from the plasmid pEKEx2-eyfp (Hentschel
etal, 2013) with oligonucleotides eYFP-for and
eYFP-rev and cloned as Ncol-BamHI fragment into
pMKEx2 under transcriptional control of the T7 promoter.
The resulting plasmid pMKEx2-eyfp was transferred into
C. glutamicum MBO001(DE3), and for control purposes
into C. glutamicum MB001. The synthesis of eYFP by
strain MBO001(DE3)/pMKEx2-eyfp was compared with
strain MBOO1/pEKEx2-eyfp. The well-established expres-
sion vector pEKEx2 permits expression of target genes
under control of the IPTG-inducible tac promoter by the
endogenous RNA polymerase (Eikmanns et al., 1991).
The strains were cultivated in CGXIl minimal medium
with 4% (wt/vol) glucose using a BiolLector system

Name Sequence (5'—3’) Restriction sites
DE3-for CCGCTCGAGAACTGCGCAACTCGTGAAAGG Xhol
DE3-rev CGGAATTCGTTACGCGAACGCGAAGTC EcoRl
pETEx-for AACTGCAGGGAGCTGACTGGGTTGAAGG Pstl
pETEXx-rev AACTGCAGCTTAATGCGCCGCTACAGGG Pstl
pEKEXx-for GGAATTCCATATGTCGCTCAAGCCTTCGTCACTG Ndel
pEKEx-rev GGACTAGTTTATCTAGACTTGTACAGCTCGTCCATG Spel
eYFP-for CATGCCATGGACAATAACGATCTCTTTCAGGCATCAC Ncol
eYFP-rev CGGGATCCTCAGCCCGCGAGCACC BamHI
PykCg-for CGGGATCCGGCGTGGATAGACGAACTAAG BamHlI
PykCg-rev TGTACAGACACCACGTACAGTGTCAACGC BsrGl

© 2014 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology
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Fig. 1. A. genomic region of C. glutamicum MB001(DE3) carrying the DE3 insertion. A 4.5 kb DNA fragment was amplified from chromosomal
DNA of E. coli BL21(DE3) and inserted into the intergenic region of cg1121-cg1122 of MBOO1(DES). The fragment contains /acl, lacZe. and T7
gene 1, the latiter two under the transcriptional control of the /facUV5 promoter and its three Lacl operator sites O1-03. B. Map of the expres-
sion plasmid pMKEx2, which is based on pJC1 and an expression cassette from pET52b. The region between the T7 promoter and the T7

terminator is shown in detail.

(Fig. 82) in the presence of 0, 5, 10, 15, 25, 50, 100 and
250 UM IPTG and expression of the target gene was
determined by measuring the specific eYFP fluorescence
(Fig. 2). For strain MB0O01/pMKEx2-eyfp, which lacks T7
RNAP, only background specific fluorescence was
observed (< 0.001). In the case of strain MBOO1(DES3)/
pMKEx2-eyfp, specific fluorescence was very low in the
absence of IPTG (< 0.001), but increased up 0.30 when
the medium was supplemented with 100 uM IPTG. These
results demonstrate that the T7 promoter is not recog-
nized by the corynebacterial RNAP, whereas specific and
efficient expression occurs in the presence of T7 RNAP. In
the case of strain MB0OO1/pEKEx2-eyfp, the specific fluo-
rescence in the absence of IPTG (0.001) was 1.6-fold
higher than in the case of MB001(DE3)/pMKEx2-eyfp and
increased up to 0.08 in the presence of 100 uM IPTG
(Fig. 2). Thus, the T7 system shows a slightly lower
expression level in the absence of IPTG and an up to
fourfold higher maximal expression level in the presence
of IPTG compared with pEKEx2-based expression of
eyfp. Half-maximal specific fluorescence was obtained
with 20 uM IPTG for strain MBO0O1(DE3)/pMKEx2-eyfp
and with 31 uM IPTG for strain MBOO1(DE3)/pEKEx2-
eypf.

To exclude an influence of the different replication
mechanisms of pMKEx2 and pEKEx2, the specific eYFP
fluorescence was also determined in C. glutamicum

MBQO01(DE3) transformed with plasmid pJC1-Pu-eyfp.
This plasmid contains the same replicon as pMKEx2 and
the expression cassette of pEKEx2 (for construction see
Experimental procedures). The results obtained with
MBO001/pJC1-Pn-eyfp were comparable to that of
MBOO1/pEKEx2-eyfp, indicating that the difference to
T7-based eyfp expression is not caused by the different
replicons, but by the use of different RNAPs and
promoters (Fig. 2).

To further characterize the T7 expression system in
C. glutamicum, the four strains described above were
analysed by SDS-PAGE, Western blotting and fluores-
cence microscopy. The Coomassie-stained SDS-
polyacrylamide gel and more clearly the Western blot with
anti-green-fluorescent protein (GFP) antiserum shown in
Fig. 2B qualitatively confirmed the results of the specific
flucrescence measurements described above. In the case
of strains MBOO1/pEKEx2-eyfp and MBO001(DE3)/
pMKEx2-eyfp, no distinct band with a size of 27 kDa (cal-
culated mass of eYFP) was visible in cells grown in the
absence of IPTG, whereas a faint band was visible in the
case of strain MB001/pJC1-Pc-eyfp. When cultivated in
the presence of 250 uM IPTG, the 27 kDa eYFP protein
band was clearly visible in strains MBOQ1/pEKEx2-eyfp,
MBO0O01/pJC1-Pye-eyfp and pMB001(DE3)/pMKExX2-eyfp.
For the latter strain, the intensity of the eYFP band con-
tinuously increased when the IPTG concentration was
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raised from 5 uM to 100 uM. The eYFP bands of MB001/
PEKEXx2-eyfp and MB001/pJC1-Puc-eyfp in the presence
of 250 uM IPTG were much fainter than those of strain
MBO0O01(DE3)/pMKEx2-eyfp in the presence of 50, 100
and 250 uM IPTG. As expected, no eYFP band was
visible in the negative control strains MBO001(DE3)/
pMKEx2 and MBOO1/pMKEx2-eyfp in the presence of
250 uM IPTG. The fluorescence microscopy images
shown in Fig. 2C were also in agreement with the results
of the specific fluorescence measurements, the SDS
polyacrylamide gels and the Western blots, with the most
strongly fluorescent cells being those of strain
MBO0O01(DE3)/pMKEx2-eyfp cultivated in the presence of
250 uM IPTG.

T7 expression system for G. glutamicum 5

Fig. 2. Comparison of eYFP synthesis in C. glutamicum with the
newly constructed T7-based expression system and the pEKEx2
system using the tac promoter and the endogenous RNAP. The
strains MB001/pEKEx2-eyip (@/1), MBO01/pJC1-P.-evip (A/2),
MBO001(DE3)/pMKExX2 (0/3), MBOO1/pMKEx2-eyfp ((/4) and
MBO001(DE3)/pMKEx2-eyfp (l/5) were grown aerobically in CGXII
minimal medium with 4% (wt/vol) glucose using a Biolector system
at 30°C and 1200 r.p.m. Target gene expression was induced 2 h
after inoculation by addition of 0-250 uM IPTG.

A. 25 h after starting the cultivation, the maximal specific eYFP fluo-
rescence (ratio of fluorescence emissicn at 5632 nm and backscatter
value at 620 nm) was determined. Mean values of at least three
independent experiments and standard deviations are shown.

B. For protein analysis, cells were disrupied by beat-beating and
equivalent amounts of total protein (10 ug) of the cell-free extracts
were subjected to SDS-PAGE and visualized by staining with
Coomassie Brilliant Blue. In addition, eYFP was detected by
Western blotting with an polyclonal anti-GFP antibody. The arrows
indicate the predicted size of 27.2 kDa for eYFP.

C. Cells were analysed by fluorescence microscopy and images
were taken with an exposure time of 40 ms. The red bar represents
a length of 5 pm.

<

Characterization of T7 RNAP-dependent expression
system in C. glutamicum with the heterologous farget
protein eYFP and comparison with P..-based
expression at the single-cell level

Flow cytometry was used to analyse eyfp expression at
the single-cell level, allowing the detection of population
heterogeneity (Figs 3 and S3). The gate used to define
background fluorescence was set with C. glutamicum
MBO001{DE3)/pMKEx2, with 100% of the analysed cells
falling into this gate (Fig. 3A). In the case of strain MBOO1/
pEKEx2-eyfp (Fig. 3B), 7% of the cells cultivated in the
absence of IPTG showed fluorescence above back-
ground, with an average intensity of 1.0 x 10°, confirming
the leakiness of the tac promoter used. When cultivated in
the presence of 5, 10, 15, 25, 50, 100 and 250 uM IPTG,
MBOO1/pEKEx2-eyfp cells formed subpopulations
(Fig. 3E and Fig. S3A and C). At 250 pM IPTG, 19.5% of
the cells showed a high average fluorescence signal of
2.63 x 10%, whereas 78.5% of the cells had only a weak
average fluorescence signal of 7.80 x 10°, and 2% of
the cells possessed only background fluorescence. The
overall averaged fluorescence signal of MBOO1/pEKEx2-
eyfp cells including all subpopulations was 1.13 x 10*

In the case of strain MBOO1/pJC1-Pc-eyfp (Fig. 3C),
which was only analysed after cultivation without and with
250 uM IPTG, more than 99% of the cells cultivated in the
presence of 250 uM IPTG showed high fluorescence, with
an average signal intensity of 7.38 x 10° and formed a
homogenous population. But also in the absence of IPTG,
about 90% of the cells showed a low fluorescence signal
of 4.4 x 10° above background, confirming the results of
the Western blot shown in Fig. 2B. As pEKEx2-eyfp and
pJC1-Puc-eyfp possess identical target gene expression
determinants, the differences observed by flow cytometry
presumably result from the different replicons. The vector
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Fig. 3. Analysis of heterologous eYFP production in the C. giutamicum strains MB0OO1/pMKEx2-eyfp (A), MB0O01/pEKEx2-eyfp (B), MBOO1/
pJC1-Pyceyfp (C) and MBOO1(DE3)/pMKEx2-eyfo (D) at the single-cell level. The strains were cultivated for 24 h at 30°C in CGXIl minimal
medium with 4% (wt/vol) glucose using a Biolector system. Induction of eyfp expression was triggered by adding 250 uM IPTG to the cultures
after 2 h. Pseudo-coloured dot plots from flow cytometry analysis (excitation at 488 nm, emission at 533 nm) of at least 100 000 cells of each
strain displaying the eYFP fluorescence signal against the forward scatter signal (FSC) are shown. The gate used to define non-fluorescent
cells was set with C. glutamicum MB0O01(DE3)/pMKEx2 with 100% of the cells falling into this gate (data not shown). The number inside the
blot indicates the percentage of cells inside this gate. Panel E shows a histogram of the strains MB001/pEKEXx2-eyfp (red) and MB0O1(DE3)/
pPMKEx2-eyfp (green). The number of cells is plotted against the eYFP fluorescence intensity. The dotted peaks show the measurement of the
uninduced culture, the continuous line the cultures grown in the presence of 250 uM IPTG. The orange peak represents the background set

with strain MBOO1(DE3)/pMKEX2,

pEKEx2 (Eikmanns etal, 1991) contains the replicon
from plasmid pBL1 (Santamaria et al., 1984), whereas
pJC1 (Cremer etal., 1990) contains the replicon from
plasmid pHM1519 (Miwa et al., 1984), which presumably
is identical with the one from plasmids pCG1 (Ozaki ef al.,
1984), pSR1 (Yoshihama etal, 1985) and pCG100
(Trautwetter and Blanco, 1991), as described previously
(Nedvera and Patek, 2008). Both replicons mediate rep-
lication in the rolling circle mode, but the pBL1 replicons
belong to plJ101/pJV1 family, whereas the pHM1519
replicon belongs to pNG2 family (Patek and Nedvera,
2013). The copy number of pBL1 and similar plasmids

was estimated to be between 10 and 30 copies per chro-
mosome (Miwa et al., 1984; Santamaria et al., 1984), and
that of pCG100 was also reported to be about 30 copies
per chromosome (Trautwetter and Blanco, 1991). Appar-
ently, the pNM1519 replicon is more stable than the pBL1
replicon, at least in the case of the expression vectors
used in our study.

In the case of strain MBOO1{DE3)/pMKEx2-eyfp
(Fig. 3D), less than 1% of the cells cultivated in the
absence of IPTG showed fluorescence slightly above
background. The fluorescence of cells cultivated in the
presence of 5, 10, 15, 25, 50, 100 and 250 uM IPTG is
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shown in Fig. S3B and D. In the presence of 250 IPTG,
99.5% of the cells formed a very homogenous population,
with an average fluorescence signal of about 5.22 x 10*.
Compared with C. glutamicum MB001/pEKEx2-eyfp and
MBO001/pJC1-Puc-eyfp, the T7-based system showed a
4.6-fold and 7.1-fold higher eYFP signal after induction
with 250 uM IPTG, respectively, whereas the signal in the
uninduced state of the cells was at least 1.8-fold lower.
These results confirm that the C. glutamicum T7 expres-
sion system allows tight repression of target gene expres-
sion in the absence of inducer, and a very uniform and
strong expression level in the presence of inducer.

Comparison of T7 RNAP-dependent expression of eyfp
in C. glutamicum and E. coli

To compare the T7 RNAP-dependent expression system
of C. glutamicum MBO001(DE3) with the well-established
E. coli BL21(DE3) system, the production of eYFP was
analysed in both strains transformed with pMKEx2-eyfp
and cultivated in 2xTY medium supplemented with differ-
ent IPTG concentrations using the BiolLector system
(Fig. 4). The specific fluorescence of the culture in the
absence of IPTG was lower for C. glutamicum
MBO001(DE3)/pMKEx2-eyfp (< 0.001) than for E. coli
BL21(DE3)/pMKEx2-eyfp (0.003). The negative controls
C. glutamicum  MBOO1/pMKEx2-eyfp and  E. coli
BL21(DE3)/pMKEx2 showed only background fluores-
cence independent of the absence and presence of
250 uM IPTG (Fig. 4A). For C. glutamicum MBO001(DE3)/
pMKEXx2-eyfp and E. coli BL21(DE3)/pMKEx2-eyfp, com-
parable maximal values of 0.26 + 0.005 and 0.25 + 0.002
were recorded for the specific eYFP fluorescence, but at
different IPTG concentrations of 250 uM and 50 uM,
respectively (Fig. 4A). Half-maximal specific fluorescence
was obtained with 31 uM IPTG for strain MB0O1(DE3)/
pMKEx2-eyfp and with 11 uM IPTG for strain BL21(DE3)/
pMKEx2-eypf. This difference is probably due to the
presence of lactose permease in E. coli, which presum-
ably is involved in IPTG uptake and allows E. colito obtain
higher intracellular IPTG concentrations than a strain
lacking lacY (Fernandez-Castane et al., 2012). In contrast
to E. coli, C. glutamicum is unable to grow on lactose, but
is able to do so when harbouring the E. coli lac operon,
including /lacY, which is essential for lactose uptake
(Brabetz et al., 1991; 1993).

Fluorescence microscopy (Fig. 4B) revealed that in the
case of strain E. coli BL21(DE3)/pMKEx2-eyfp and
C. glutamicum MBO001(DE3)/pMKEx2-eyfp, almost all
cells were fluorescent when cultivated in the presence of
250 uM IPTG. Whereas fluorescence was equally distrib-
uted over the entire cell in the case of the C. glutamicum
strain, the majority of poles appeared non-fluorescent in
the case of E. coli strain. The images taken at 10 and

T7 expression system for C. glutamicum 7

25 uM IPTG confirm the results shown in Fig. 4A that
E. coli requires lower IPTG concentrations for maximal
expression.

Fluorescence-activated cell sorting analysis of cells of
E. coli BL21(DE3)/pMKEx2-eyfp and C. glutamicum
MBO001(DE3)/pMKEx2-eyfp cultivated with 0, 10, 25 and
250 uM IPTG are depicted in Figs 4C and S4. Of the
E. coli cells, 92% cultivated with 250 uM IPTG revealed
an increased fluorescence, with an average signal inten-
sity of 5.2 x 10% In the case of C. glutamicum, more than
99% of the cells cultivated with 250 IPTG showed an
increased fluorescence, with an average signal intensity
of 2.8x10% In contrast to the E.coli cells, the
C. glutamicum cells formed a much more homogeneous
population. When calculating the average fluorescence
intensity of all analysed cells, the value for C. glutamicum
MBO001(DE3)/pMKEx2-eyfp (2.8 x 10*) was 1.8 times
lower than the one for E. coli BL21(DE3)/pMKEx2-eyfp
(5.0 x 10%). The FACS analysis of the strains cultivated in
the absence of IPTG confirmed a lower basal eyfp expres-
sion in the C. glutamicum strain compared with the E. coli
strain. Of the E. coli BL21(DE3)/pMKEx2-eyfp population,
1.4% showed an eYFP fluorescence above background,
but none of the C. glutamicum MBO001(DE3)/pMKEx2-
eyfp cells.

T7 RNAP-dependent overproduction of pyruvate kinase
in C. glutamicum and E. coli

As an alternative target protein for analysing the proper-
ties of the newly established T7 expression system
for C. glutamicum, we tested pyruvate kinase of
C. glutamicum, which catalyses the conversion of
phosphoenolpyruvate (PEP) and ADP to pyruvate and
ATP. Corynebacterium glutamicum possesses a single
pyk gene for pyruvate kinase (Gubler et al., 1994), which
was amplified by PCR from chromosomal DNA of
C. glutamicum MBO001 with the oligonucleotides Pyk-for
and Pyk-rev and cloned into pMKEx2 using BamHI and
BsrGil restriction sites. The resulting plasmid pMKEx2-pyk
was transferred into C. glutamicum MBO0O01(DE3) and
E. coli BL21(DE3), and the overproduction of pyruvate
kinase was analysed by measuring the specific activity in
crude extract.

The results presented in Table 3 show that the expres-
sion of the pyk gene on plasmid pMKEx2-pyk in the
absence of IPTG led to a small increase of the endog-
enous pyruvate kinase activity of 0.5 U mg™" in the case of
C. glutamicum MB001(DE3) and of 0.9 U mg~" in the case
of E. coli BL21(DE3). When cultivated in the presence of
250 uM IPTG, the pyruvate kinase activity increased more
than 40-fold to 135 Umg™ in C. glutamicum carrying
pMKEXx2-pyk and 14-fold in E. coli carrying pMKEx2-pyk.
In agreement with these data, SDS-PAGE of the cell

© 2014 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology



30

Results

8 M. Kortmann, V. Kuhl, S. Klaffl and M. Bott

A

5 037

< \ ) .

) g ; T

=

8 021 ;/

o

g /

= §

=

£ 011

[5]

[}

o

w

3

8 o 'y
0 50 100 150 200 250

IPTG concentration [uM]
C

0 pM IPTG 10 uM IPTG 25uM IPTG 250 uM IPTG

eYFP

eYFP

FEPRTTIT RECARTTT R

)

1031J

107

10+ 107
073 0.35%| 073 : ﬁm 0.34%| 073 S 034%
10 16° 10° 10° 10° 100 10° 10° 10° 10° 10 10° 10° 10° 10°
FSC FSC FSC
0 uM IPTG 10 uM IPTG 25 M IPTG 250 uM IPTG

Fig. 4. T7 RNAP-dependent expression of eyfp in C. giutamicum and E. coli. The strains C. glutamicum MBO001/pMKEx2-eyfp (),

C. glutamicum MBO001(DE3)/pMKEx2-eyfp (W), E. coli BL21(DE3)/pMKEx2 (A} and E. coli BL21(DE3)/pMKEx2-ayfp (A) were cultivated for
24 h aerobically in 2xTY medium using a BioLector system at 1200 r.p.m. and either 30°C (C. glutamicum) or 37°C (E. coli). Gene expression
was induced 2 h after starting the cultivation by addition of 0-250 uM IPTG.

A. After 24 h, the maximal specific eYFP fluorescence was determined (ratio of flucrescence emission at 532 nm and backscatter value at
620 nm). Mean values and standard deviations of at least three independent replicates are shown.

B. Fluorescence microscopy images of E. coli BL21(DE3)/pMKEx2-eyfp (1) and C. glutamicum MB001(DES3)/pMKEx2-eyfp (2) cultivated with
different IPTG concentrations. Images were taken with an exposure time of 40 ms. The red bar represents a length of 5 um.

C. Flow cytometry analysis of E. coli BL21(DE3)/pMKEx2-eyfp (1) and C. glutamicum MBO001(DE3)/pMKEx2-eyfp (2) cultivated with different
IPTG concentrations. Pseudo-coloured dot plots of eYFP fluorescence versus forward scatter are shown.

extracts revealed a higher pyruvate kinase protein level in
C. glutamicum compared with E. coli (Fig. 5). The more
efficient overproduction of pyruvate kinase in the homolo-
gous host compared with E. cofi might be due to a more
efficient translation caused by differences in codon usage

between the two species.

Concluding remarks

In this study, a T7 RNAP-based expression system
was developed for C. glutamicum. It is based on strain
MBO0O01(DE3), in which gene 1 encoding T7 RNAP is
chromosomally encoded under control of the lacUV5
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Table 3. Pyruvate kinase activity of different overexpression strains.

T7 expression system for C. glutamicum 9

Pyruvate kinase activity Increase Pyruvate kinase activity Increase
Strain Plasmid {(U/mg) - IPTG (x-fold)? (U/mg) + 250 UM IPTG (x-fold)®
C. glutamicum MBO001(DE3)} PMKEx2 n.d. n.a. 26107 n.a.
C. glutamicum MB001(DE3) pMKEx2-pyk 31+02 1.2 135+ 14 43.6
E. coli BL21(DE3) PMKEx2 n.d. n.a. 0.6 +0.1 n.a.
E. coli BL21(DE3) PMKExX2-pyk 1.5£0.2 2.8 209£7.1 13.9

Specific activity was measured in crude extracts of cells harvested 4 h after addition or non-addition of IPTG. Mean values and standard deviations
of at least three independent measurements are shown. n.d., not determined; n.a., not applicable.

a. pMKEx2-pyk —IPTG versus pMKEx2 +IPTG.
b. pMKEx2-pyk —IPTG versus +IPTG.

promoter, and the expression vector pMKEx2 carrying the
T7iac promoter. Thus, both gene 71 and the target gene
are repressed by Lacl. Using eyfp as target gene, the new
system allowed tightly IPTG-regulatable gene expression
to levels that were about four times higher than those
obtained with expression vectors using the tac promoter
and the endogencus RNA polymerase. It thus probably
represents the strongest overexpression system currently
available for C. glutamicum. A particular feature of the
new system was revealed by flow cytometry: IPTG induc-
tion led to the formation of very homogeneous popula-
tions, in which about 99% of the cells showed high
expression of the target protein. Half-maximal induction
was obtained with IPTG concentrations between 20 and
30 uM, depending on the medium used. The T7 RNAP-
based system can be useful for the overproduction of
proteins for subsequent purification, but also for metabolic
engineering studies in which strong overproduction of
certain genes is required.

1 2
kDa c _ + G - +
75
50 - —-— +
37

Fig. 5. Coomassie-stained SDS-polyacrylamide gel for analysing
overproduction of pyruvate kinase in C. glutamicum MB001(DE3)/
pMKEx2-pyk (1) and E. cofi BL21(DE3)/pMKEx2-pyk (2). The
strains were cultivated in M9 medium with 2% (wt/vol) glucose

(E. coli) or in CGXIl medium with 4% (wt/vol) glucose

(C. glutamicum). Strains labelled with ‘" were grown without IPTG,
whereas strains labelled ‘+" were supplemented with 250 uM IPTG
when the cultures had reached an ODgp of 2. When the cultures
had reached an ODgyp of 5, cells were harvested and used for
preparation of cell extracts. Ten microgram total protein of these
extracts were subjected to SDS-PAGE. The samples labelled with
‘C’ represent control strains, either C. glutamicum MB0O01(DE3)/
pMKEx2 (1) or E. coli BL21(DE3)/pMKEX2 (2), that were cultivated
in the presence of 250 uM IPTG. The arrow indicates the predicted
size for C. glutamicum pyruvate kinase (54.4 kDa).

Experimental procedures
Bacterial strains, plasmids and growth conditions

All bacterial strains and plasmids used in this study are listed
in Table 1. Escherichia coli was grown at 37°C in a complex
tryptone-yeast extract medium (2xTY) or in M3 minimal
medium with 4% (wt/vol) glucose (Sambrook and Russell,
2001). Corynebacterium glutamicum was routinely cultivated
at 30°C in 2xTY medium or in defined CGXIl minimal medium
with 4% (wt/vol) glucose (Keilhauer ef al., 1993). If necessary,
the media were supplemented with 50 mg ™' kanamycin
for E.coli and 25mgl" kanamycin for C. glutamicum.
Escherichia coli DH50. was used for plasmid construction,
E. coli BL21(DE3) and C. glutamicum MB001(DES) for over-
production of recombinant proteins. Cultures were inoculated
to an optical density at 600 nm (ODgo) of 1, and target gene
induction was triggered by adding 0250 uM IPTG to the
culture at an ODgy of 2. To analyse eyfp expression, cells
were grown as 800 ul cultures in 48-well microtitre plates
(Flowerplates, m2p-labs, Baesweiler, Germany) at 80%
humidity and 1200 r.p.m. using a BiolLector system (m2p-
labs, Baesweiler, Germany), which allows isochronal meas-
urement of cell growth as backscattering light intensity at a
wavelength of 620 nm and of eYFP fluorescence (ex/em 510/
532 nm). For the overproduction of pyruvate kinase, all
strains were cultivated at 120 rp.m. and the required tem-
perature in baffled 500 ml shake flasks with 50 ml CGXII or
M9 medium, respectively.

Recombinant DNA techniques

Standard DNA and cloning techniques were performed as
described (Sambrook and Russell, 2001). Oligonucleotides
were purchased from Eurofins MWG Operon (Ebersberg,
Germany). Restriction enzymes (New England Biolabs,
Frankfurt, Germany), shrimp alkaline phosphatase and
Klenow fragment (both Thermo Scientific, Schwerte,
Germany) were used according to the recommendations of
the supplier. Introduction of a single point mutation in a pJC1
derivative was performed with the QuikChange Lightning Kit
(Agilent Technologies, Waldbronn, Germany). Plasmid DNA
of E.coli was isolated with QlAprep Spin Miniprep Kit
(Qiagen, Hilden, Germany). Plasmid isolation from
C. glutamicum was carried out with the same kit, but cells
were pre-incubated in buffer P1 supplemented with
15 mg ml™" (wt/vol) lysozyme for 2 h at 30°C. Purification of
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DNA fragments from agarose gels was done using the QlAex
gel elution kit (Qiagen). RbCl-competent E. coli cells were
transformed with plasmid DNA by the heat-shock method of
Hanahan (1983), and C. glutamicum cells were transformed
with plasmid DNA by electroporation as described previously
(Tauch et al., 2002).

For the construction of plasmid pJC1-Peyfp, the plasmid
pJC1-venus-term (Baumgart et al., 2013a) was cut by Ndel
and Sall to obtain a 6.58 kb fragment containing the same
backbone (kanamycin resistance cassette, pCG1 replicon for
C. glutamicum, pACYC177 replicon for E. coli) as pMKEXx2.
The expression cassette from plasmid pEKEx2-eyfp was
amplified with oligonucleotides pEKEx-for and pEKEx-rev to
obtain a 2.31 kb fragment containing the target gene eyfp
under transcriptional control of the tac promoter and the lac/
gene. After digestion with Ndel and Sall, this fragment was
ligated with the 6.58 kb fragment from pJC1-venus-term to
obtain pJC1-P,-eyfp.

Protein analysis

Recombinant protein production was analysed by SDS-
PAGE. Cells were harvested by centrifugation and washed
twice with lysis buffer (10 mM Tris-HCI, pH 8.0, 25 mM MgCl,,
200 mM NaCl). Afterwards, C. glutamicum and E. coli cells
were disintegrated by beat beating using a Precellys 24
device (Peqglab Biotechnologie, Erlangen, Germany). Intact
cells and cell debris were sedimented by centrifugation
(13 000 g, 20 min), and the supernatant was used further.
The concentration of intracellular proteins was determined
with the BCA assay (BC Assay Protein Quantitation Kit,
Uptima, Interchim, Montlucon, France) as described (Smith
et al., 1985). Electrophoretic separation of proteins on SDS-
polyacrylamide gels was performed by a standard procedure
(Laemmli, 1970), and the gels were stained with Coomassie
Brilliant Blue G-250 dye or used further for Western blot
analysis. Immunological detection of eYFP was performed by
using a polyclonal anti-GFP antibody (ab290, Abcam, Cam-
bridge, UK) and a Cy5-conjugated goat-anti-rabbit antibody
(GE Healthcare). Visualization and recording of fluorescent
bands were performed using a Typhoon scanner (GE
Healthcare) and the programme IMAGEQUANT TL 7.0.

Fluorescence microscopy

For fluorescence microscopy, cells were fixed on soft-
agarose coated glass slides. Images were taken on a Zeiss
Axioplan 2 imaging microscope that was equipped with an
AxioCam MRm camera and a Plan-Apochromat 100x, 1.40
Oil Ph3 immersion objective. Digital images were acquired
and analysed with the AXIOVISION 4.6 software (Zeiss,
Gottingen, Germany).

Flow cytometry

Cells were grown under appropriate conditions in a BioLector
system, harvested after 24 h and diluted to an ODsgy below
0.1 with sterile phosphate-buffered saline (37 mM NaCl,
2.7 mM KaCl, 10 mM Na;HPO,, 1.8 mM KH.PO,, pH 7.4).
Expression of eyfp was analysed using a FACS ARIA Il high-

speed cell sorter (BD Biosciences, Franklin Lakes, NJ, USA)
and the BD DIVA 6.1.3 software by measuring the eYFP
fluorescence of single cells with an excitation wavelength of
488 nm and an emission wavelength of 533+ 15 nm at a
sample pressure of 70 psi. A threshold was set to exclude
non-bacterial particles on the basis of forward versus side
scatter area. There were 100 000 cells analysed for each
measurement with a flow rate of 20004000 cells/s.

Pyruvate kinase assay

Pyruvate kinase activity was determined spectropho-
tometrically using a coupled enzymatic assay with L-lactate
dehydrogenase. The rate of NADH consumption was meas-
ured using an Infinite 200 PRO reader (Tecan, Méannedorf,
Switzerland) as the decrease of NADH absorbance at
340 nm (gnaps = 6.22 MM~ cm™). The assay mixture con-
tained 100 mM Tris-HCI buffer (pH 7.3), 15 mM MgCl,, 1 mM
ADP, 0.4 mM NADH, 5 U L-lactate dehydrogenase from pig
heart, and 10 or 20 ul of cell extract (corresponding to 0.1—
0.2 mg protein) in a total volume of 150 pl. The reaction was
started by addition of 12 mM PEP. One unit of pyruvate
kinase activity is defined as the amount of enzyme that con-
verted 1 umol of PEP to pyruvate per minute.
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Additional Supporting Information may be found in the
online version of this article at the publisher's web-site:

Fig. S1. Sequence of the 4,46 kb fragment amplified from
the genome of E.coli BL21(DE3) and inserted into the
intergenic region of cg1122-cg1121 of C. glutamicum MBOO1.
70bp and 85bp of the flanking C. glutamicum genome
region are also shown with a grey background. The Xhol and
EcoRlI restriction sites used for cloning are shown in bold.
Fig. S2. Growth of C. glutamicum MBO001/pEKEXx2-eyfp
(A) and C. glutamicum MB001(DE3)/pMKEx2-eyfp (B). The
strains were inoculated to an OD600 of 1 and cultivated for
24 h at 30°C in CGXIl minimal medium with 4% (wt/vol)
glucose using a BioLector system. Induction of eyfp expres-
sion was triggered by adding O uM (M), 50 uM (), 100 uM
@®(A), or 250 uM (0) IPTG to the cultures after 2 h.
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Fig. S3. Analysis of heterologous eYFP production
in the C. glutamicum strains MBOO1/pEKEx2-eyfp (A) and
MBO001(DE3)/pMKEx2-eyfp (B) at the single-cell level by flow
cytometry. The strains were cultivated for 24 h at 30°C in
CGXIlI minimal medium with 4% (wt/vol) glucose using a
BioLector system. Induction of eyfp expression was triggered
by adding the indicated concentrations of IPTG to the cul-
tures after 2 h. Dot blots from FACS analysis (excitation at
488 nm, emission at 533 nm) of at least 100 000 cells of each
strain displaying the eYFP fluorescence signal against the
forward scatter signal (FSC). The gate used to define non-
fluorescent cells was set with C. glutamicum MB001(DE3)/
pMKEx2 with 100% of the cells falling into this gate (data not
shown). The number inside the panels indicates the percent-
age of non-fluorescent cells inside this gate. In panels C and
D, histograms of strains MBO001/pEKEx2-eyfp (C) and
MBO001(DE3)/pMKEx2-eyfp (D) cultivated without IPTG or in
the presence of 10, 25 and 250 uM IPTG are shown. The
orange peaks indicate the background fluorescence set with
strain MB001(DE3)/pMKEx2. The number of cells is plotted
versus eYFP fluorescence.

Fig. S4. Analysis of heterologous eYFP production in
C. glutamicum MBO001(DE3)/pMKEx2-eyfo (A) and E. coli
BL21(DE3)/pEKEx2-eyfp (B) at the single-cell level. The
strains were cultivated for 24 h at 30°C in 2xTY medium using
a BiolLector system. Induction of eyfp expression was trig-
gered by adding the indicated concentrations of IPTG to the
cultures after 2 h. Dot plots from FACS analysis (excitation at
488 nm, emission at 533 nm) of at least 100 000 cells of each
strain displaying the eYFP signal against the forward scatter
signal (FSC) are shown. The gate used to define non-
fluorescent cells was set with C. glutamicum MB001/pMKEx2
or E. coli BL21(DE3)/pMKEXx2, respectively, with 100% of the
cells falling into this gate (data not shown). The number inside
the panels indicates the percentage of non-fluorescent cells.
In panels C and D, histograms of strains E. coli BL21(DE3)/
pMKEx2-eyfp (C) and C. glutamicum MB001(DE3)/pMKEx2-
eyfp (D) cultivated without IPTG or in the presence of 10, 25
and 250 uM IPTG are shown. The orange peaks indicate the
background fluorescence set with strain E. coli BL21(DE3)/
pMKEx2 and C. glutamicum MBO001(DE3)/pMKEx2. The
number of cells is plotted versus eYFP fluorescence.
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cgll22 <--

GGAAATAGGGGCCTTTTGTTGTCTTCTCCTGGAGGCTATTTAAGAAGTTTAAATTGTGTCCATGAGTTCG
CTCGAGAACTGCGCAACTCGTGAAAGGTAGGCGGATCCAGATCCCGGACACCATCGAATGGCGCAAAACC
TTTCGCGGTATGGCATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGT
TATACGATGTCGCAGAGTATGCCGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCA
CGTTTCTGCGAAAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTG
GCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGC
CGTCGCAAATTGTCGCGGCGATTARATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGT
AGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACGCGTCAGTGGGCTG
ATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGT
TATTTCTTGATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACT
GGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTC
TCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAAC
GGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCC
CACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTG
CGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGT
TAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCARACCAGCGTGGACCGCTTGCTGCAACTCTCTCA
GGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGARAAGARAAACCACCCTGGCGCCC
AATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGAC
TGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTAAGTTAGCTCACTCATTAGGCACCCCAGGCTTTAC
ACTTTATGCTTCCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTA
TGACCATGATTACGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGARAACCCTGGCGTTACCCA
ACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGC
CCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGC
CGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCA
CGGTTACGATGCGCCCATCTACACCAACGTGACCTATCCCATTACGGTCAATCCGCCGTTTGTTCCCACG
GAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACGC
GAATTATTTTTGATGGCGTCGGGATCTGATCCGGATTTACTAACTGGAAGAGGCACTAAATGAACACGAT
TAACATCGCTAAGAACGACTTCTCTGACATCGAACTGGCTGCTATCCCGTTCAACACTCTGGCTGACCAT
TACGGTGAGCGTTTAGCTCGCGAACAGTTGGCCCTTGAGCATGAGTCTTACGAGATGGGTGAAGCACGCT
TCCGCAAGATGTTTGAGCGTCAACTTARAGCTGGTGAGGTTGCGGATAACGCTGCCGCCAAGCCTCTCAT
CACTACCCTACTCCCTAAGATGATTGCACGCATCAACGACTGGTTTGAGGAAGTGAAAGCTAAGCGCGGC
AAGCGCCCGACAGCCTTCCAGTTCCTGCAAGARATCAAGCCGGAAGCCGTAGCGTACATCACCATTAAGA
CCACTCTGGCTTGCCTAACCAGTGCTGACAATACAACCGTTCAGGCTGTAGCAAGCGCAATCGGTCGGGC
CATTGAGGACGAGGCTCGCTTCGGTCGTATCCGTGACCTTGAAGCTAAGCACTTCAAGAAAAACGTTGAG
GAACAACTCAACAAGCGCGTAGGGCACGTCTACAAGAAAGCATTTATGCAAGTTGTCGAGGCTGACATGC
TCTCTAAGGGTCTACTCGGTGGCGAGGCGTGGTCTTCGTGGCATAAGGAAGACTCTATTCATGTAGGAGT
ACGCTGCATCGAGATGCTCATTGAGTCAACCGGAATGGTTAGCTTACACCGCCARAATGCTGGCGTAGTA
GGTCAAGACTCTGAGACTATCGAACTCGCACCTGAATACGCTGAGGCTATCGCAACCCGTGCAGGTGCGC
TGGCTGGCATCTCTCCGATGTTCCAACCTTGCGTAGTTCCTCCTAAGCCGTGGACTGGCATTACTGGTGG
TGGCTATTGGGCTAACGGTCGTCGTCCTCTGGCGCTGGTGCGTACTCACAGTAAGAAAGCACTGATGCGC
TACGAAGACGTTTACATGCCTGAGGTGTACAAAGCGATTAACATTGCGCAAAACACCGCATGGAAAATCA
ACAAGAAAGTCCTAGCGGTCGCCAACGTAATCACCAAGTGGAAGCATTGTCCGGTCGAGGACATCCCTGC
GATTGAGCGTGAAGAACTCCCGATGAAACCGGAAGACATCGACATGAATCCTGAGGCTCTCACCGCGTGG
AAACGTGCTGCCGCTGCTGTGTACCGCAAGGACAAGGCTCGCAAGTCTCGCCGTATCAGCCTTGAGTTCA
TGCTTGAGCAAGCCAATAAGTTTGCTAACCATAAGGCCATCTGGTTCCCTTACAACATGGACTGGCGCGG
TCGTGTTTACGCTGTGTCAATGTTCAACCCGCAAGGTAACGATATGACCAAAGGACTGCTTACGCTGGCG
AAAGGTAAACCAATCGGTAAGGAAGGTTACTACTGGCTGAAAATCCACGGTGCAARACTGTGCGGGTGTCG
ATAAGGTTCCGTTCCCTGAGCGCATCAAGTTCATTGAGGAAAACCACGAGAACATCATGGCTTGCGCTAA
GTCTCCACTGGAGAACACTTGGTGGGCTGAGCAAGATTCTCCGTTCTGCTTCCTTGCGTTCTGCTTTGAG
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TACGCTGGGGTACAGCACCACGGCCTGAGCTATAACTGCTCCCTTCCGCTGGCGTTTGACGGGTCTTGCT
CTGGCATCCAGCACTTCTCCGCGATGCTCCGAGATGAGGTAGGTGGTCGCGCGGTTAACTTGCTTCCTAG
TGAAACCGTTCAGGACATCTACGGGATTGTTGCTAAGAAAGTCAACGAGATTCTACAAGCAGACGCAATC
AATGGGACCGATAACGAAGTAGTTACCGTGACCGATGAGAACACTGGTGAAATCTCTGAGAAAGTCAAGC
TGGGCACTAAGGCACTGGCTGGTCAATGGCTGGCTTACGGTGTTACTCGCAGTGTGACTAAGCGTTCAGT
CATGACGCTGGCTTACGGGTCCAAAGAGTTCGGCTTCCGTCAACAAGTGCTGGAAGATACCATTCAGCCA
GCTATTGATTCCGGCAAGGGTCTGATGTTCACTCAGCCGAATCAGGCTGCTGGATACATGGCTAAGCTGA
TTTGGGAATCTGTGAGCGTGACGGTGGTAGCTGCGGTTGAAGCAATGAACTGGCTTAAGTCTGCTGCTAA
GCTGCTGGCTGCTGAGGTCAAAGATAAGAAGACTGGAGAGATTCTTCGCAAGCGTTGCGCTGTGCATTGG
GTAACTCCTGATGGTTTCCCTGTGTGGCAGGAATACAAGAAGCCTATTCAGACGCGCTTGAACCTGATGT
TCCTCGGTCAGTTCCGCTTACAGCCTACCATTAACACCAACAAAGATAGCGAGATTGATGCACACAAACA
GGAGTCTGGTATCGCTCCTAACTTTGTACACAGCCAAGACGGTAGCCACCTTCGTAAGACTGTAGTGTGG
GCACACGAGAAGTACGGAATCGAATCTTTTGCACTGATTCACGACTCCTTCGGTACCATTCCGGCTGACG
CTGCGAACCTGTTCAAAGCAGTGCGCGAAACTATGGTTGACACATATGAGTCTTGTGATGTACTGGCTGA
TTTCTACGACCAGTTCGCTGACCAGTTGCACGAGTCTCAATTGGACAAAATGCCAGCACTTCCGGCTARAA
GGTAACTTGAACCTCCGTGACATCTTAGAGTCGGACTTCGCGTTCGCGTAACGAATTCGCGTATGGCAAT
GACAGTTTGAGACGGCCACAGGCGATTCTGAGAAGCCATTTTCTTTGGGCGCCGTGGCAGTTTTTATTGG
--> cgll21l

Fig. S1. Sequence of the 4,46 kb fragment amplified from the genome of E. coli BL21(DE3)
and inserted into the intergenic region of cg1122-cg1121 of C. glutamicum MBO001. 70 bp
and 85 bp of the flanking C. glutamicum genome region are also shown with a grey

background. The Xhol and EcoRlI restriction sites used for cloning are shown in bold.
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Fig. S2. Growth of C. glutamicum MBOO1/pEKEx2-eyfp (A) and C. glutamicum
MBO0O01(DES3)/pMKEx2-eyfp (B). The strains were inoculated to an ODgyo of 1 and cultivated
for 24 h at 30°C in CGXIl minimal medium with 4% (wt/vol) glucose using a Biolector
system. Induction of eyfp expression was triggered by adding O uM (m), 50 uM (e), 100 pM
(), or 250 uM (0) IPTG to the cultures after 2 h.
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Fig. S3. Analysis of heterologous eYFP production in the C. glutamicum strains
MBO001/pEKEx2-eyfp (A) and MB001(DE3)/pMKEx2-eyfp (B) at the single cell level by flow
cytometry. The strains were cultivated for 24 h at 30°C in CGXII minimal medium with 4%
(wt/vol) glucose using a BiolLector system. Induction of eyfp expression was triggered by
adding the indicated concentrations of IPTG to the cultures after 2 h. Dot blots from FACS
analysis (excitation at 488 nm, emission at 533 nm) of at least 100,000 cells of each strain
displaying the eYFP fluorescence signal against the forward scatter signal (FSC). The gate
used to define non-fluorescent cells was set with C. glutamicum MBO001(DE3)/pMKEx2 with
100 % of the cells falling into this gate (data not shown). The number inside the panels
indicates the percentage of non-fluorescent cells inside this gate. In panels C and D,
histograms of strains MB001/pEKEx2-eyfp (C) and MB001(DE3)/pMKEx2-eyfp (D) cultivated
without IPTG or in the presence of 10, 25, and 250 uM IPTG are shown. The orange peaks
indicate the background fluorescence set with strain MB0O01(DE3)/pMKEx2. The number of
cells is plotted vs. eYFP fluorescence.
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Fig. S4. Analysis of heterologous eYFP production in C. glutamicum MB001(DE3)/pMKEx2-
eyfp (A) and E. coli BL21(DE3)/pEKEx2-eyfp (B) at the single cell level. The strains were
cultivated for 24 h at 30°C in 2xTY medium using a BioLector system. Induction of eyfp
expression was triggered by adding the indicated concentrations of IPTG to the cultures after
2 h. Dot plots from FACS analysis (excitation at 488 nm, emission at 533 nm) of at least
100,000 cells of each strain displaying the eYFP signal against the forward scatter signal
(FSC) are shown. The gate used to define non-fluorescent cells was set with C. glutamicum
MBO001/pMKEx2 or E. coli BL21(DE3)/pMKEX2, respectively, with 100 % of the cells falling
into this gate (data not shown). The number inside the panels indicates the percentage of
non-fluorescent cells. In panels C and D, histograms of strains E. coli BL21(DE3)/pMKEx2-
eyfp (C) and C. glutamicum MB001(DE3)/pMKEx2-eyfp (D) cultivated without IPTG or in the
presence of 10, 25, and 250 uM IPTG are shown. The orange peaks indicate the background
fluorescence set with strain strain E. coli BL21(DE3)/pMKEx2 and C. glutamicum
MBO0O01(DES3)/pMKEx2. The number of cells is plotted vs. eYFP fluorescence.
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ABSTRACT: Pyruvate carboxylase is an anaplerotic carbon
dioxide-fixing enzyme replenishing the tricarboxylic acid cycle
with oxaloacetate during growth on sugars. In this study, we
applied a lysine biosensor to identify pyruvate carboxylase
variants in Corynebacterium glutamicum that enable improved L-
lysine production from glucose. A suitable reporter strain was
transformed with a pyc gene library created by error-prone PCR
and screened by fluorescence-activated cell sorting (FACS) for
cells with increased fluorescence triggered by an elevated
cytoplasmic lysine concentration. Two pyruvate carboxylase
variants, PCx>#410128 5nd pCx 1324 were identified allowing 9%
and 19% increased lysine titers upon plasmid-based expression.
Chromosomal expression of PCx"'** and PCx"™** variants led
to 6% and 14% higher 1-lysine levels. The new PCx variants can
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be useful also for other microbial strains producing TCA cycle-derived metabolites. Our approach indicates that a biosensor
such as pSenLys enables directed evolution of many enzymes involved in converting a carbon source into the target metabolite.

KEYWORDS: pyruvate carboxylase, Corynebacterium glutamicum, FACS-based screening, biosensor, lysine production,

transcriptional regulator, LysG, metabolic engineering

any chemicals produced industrially with microbial cell

factories as biocatalysts are intermediates or derivatives
of the tricarboxylic acid (TCA) cycle, such as amino acids,
organic acids, or diamines." For continuous operation of the
TCA cycle, anaplerotic reactions are required to replenish the
deprived intermediates.”> When sugars serve as carbon sources,
the anaplerotic functions are fulfilled by pyruvate carboxylase
(PCx)” and/or by phosphoenolpyruvate carboxylase
(PEPCx).” Consequently, these enzymes are crucial for
production of TCA cycle-derived metabolites from sugars
(Figure 1A).

Corynebacterium glutamicum is the most prominent industrial
amino acid producer with 1-glutamate (flavor enhancer) and 1-
lysine (feed additive) being produced in the million tons scale
per year.” In the past years, strains for production of many
other TCA cycle-derived metabolites, such as succinate,”” 1,5-
diarninol:)entane,8 or putrescine,'q were constructed. Regardin%
anaplerosis, C. glutamicum is equipped with both PEPCx'®'
and PCx."” ™" Whereas PEPCx (encoded by the pre gene) was
shown to be dispensable for lysine production,'®'¢ the deletion
of the pyc gene for PCx caused a strong decrease, and its
overexpression caused an increase in the synthesis of this
amino acid.'” Tween 60-induced glutamate production was
lowered upon pyc deletion and increased by pyc over-
expression, as well.'” These results emphasize the importance
of PCx as an anaplerotic enzyme for the production of amino

~ ACS Publications  © 2019 American Chemical Society 274

acids of the glutamate and aspartate families. Overexpression of
either the native pyc gene or of its pyc*™* variant (see below)
has often been used to improve various production strains of C.
glutamicum, as summarized in Table S1. These examples
confirm PCx as an important target to optimize sugar-based
production processes for metabolites derived from the TCA
cycle.

Only two studies have been reported on PCx variants of C.
glutamicum. In the lysine-producing strain C. glutamicum B6,
which was obtained from the type strain ATCC13032 by
several rounds of random mutagenesis and selection, the
amino acid exchange PCx"*® was identified.'® Introduction of
the P458S mutation into the genomic pyc gene of strain AHD-
2 (hom¥*™, lysC™Y) caused an increase in lysine production
from about 75 g/L to about 80 g/L.13 The influence of the
P458S mutation on PCx properties is unknown. In the patent
US 7,300,777 B2,"® a PCx variant was identified by genome
sequence analysis of the lysine-producing C. glutamicum strain
NRRL-B11474, which contained six amino acid exchanges
(E153D, A1828, A206S, H227R, A455G, D1120E) compared
to the reference sequence from C. glutamicum strain
ATCC21253. Whereas PCx activity from ATCC21253 was
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Figure 1. Function, domain organization, and partial reactions of
pyruvate carboxylase. (A) Diagram highlighting the function of PCx
as anaplerotic enzyme during growth on sugars and showing amino
acids derived from the TCA cycle intermediates oxaloacetate and 2-
oxoglutarate. (B) Domain organization of PCx. (C) Partial reactions
catalyzed by PCx: BC, biotin carboxylase domains; CT, carboxyl-
transferase domain; BCCP, biotin carboxyl carrier protein; PT,
tetramerization or allosteric domain.

strongly inhibited by low aspartate concentrations, PCx from
NRRL-B11474 was activated by aspartate concentrations up to
30 mM. Higher concentrations reduced PCx activity, but even
at 100 mM aspartate 50% of the original activity was retained.
It is unknown how this PCx variant affects lysine production
and which of the six amino acid substitutions are responsible
for the altered aspartate sensitivity.

Besides DNA sequence analysis of producer strains
generated by random mutagenesis, several other strategies to
identify or generate improved enzyme variants are available. If
structures or structural models of the target protein are
available, amino acid residues involved, for example, in
allosteric regulation can be identified and exchanged by site-
directed mutagenesis. This abolishes or alters regulation, as
exemplified by reducing aspartate inhibition of PEPCx.*® We
recently developed a strategy to identify “productive”
mutations based on genetically encoded single-cell biosensors
and high-throughput (HT) screening by fluorescence-activated
cell sorting (FACS).”" The key elements are selected
transcriptional regulators that serve as metabolite sensors,
since their activity is dependent on the concentration of a
certain metabolite within the cell that acts as coactivator,
corepressor, inhibitor, or inducer. By placing a suitable target
promoter in front of a reporter gene encoding a fluorescent
protein, the metabolite concentration can be converted into a
fluorescent output.

A prominent example for this type of biosensor is the
plasmid pSenLys, which harbors the transcriptional regulator
LysG of C. glutamicum.” LysG senses increased intracellular
concentrations of the basic amino acids 1-lysine, L-arginine, and
L-histidine and activates expression of its target gene lysE in

275

complex with these coactivators.”* In pSenLys, the lysE gene,
encoding an exporter for r-lysine and L-arginine,”* was replaced
by eyfp to generate an optical output. pSenLys has successfully
been employed for ultrafast screening of genome-wide, gene-
specific, and site-specific mutant libraries by FACS for variants
with improved L-lysine, 1-arginine, or L-histidine produc-
tion.>**** In this study, we tested whether pSenLys-Spc can
be applied to search for novel PCx variants that enable
improved production of vL-lysine.

B RESULTS AND DISCUSSION

Construction and Initial Characterization of a
Reporter Strain for Screening of a pyc Mutant Library.
The aim of the current study was to identify novel PCx variants
that allow improved pyruvate carboxylation, measured as an
increase in L-lysine production. For this purpose, we used the
lysine biosensor pSenLys-Spc as a tool for FACS-based HT-
screening of a plasmid-encoded PCx mutant library in C.
glutamicum. This approach required a C. glutamicum strain
already producing moderate levels of L-lysine, as PCx
mutations alone are not sufficient to trigger lysine over-
production in a wild-type background due to feedback
inhibition of aspartate kinase by lysine and threonine.*®
Therefore, we used strain DM1868, which is an ATCC13032
derivative encoding the feedback-resistant aspartate kinase
variant LysC™'"" (Table $2). The T3111 mutation is known to
be sufficient to trigger lysine overproduction.'® To avoid
interference with the plasmid-encoded PCx variants, we
deleted the chromosomal pyc gene in strain DM1868, resulting
in strain DM1868Apyc. The deletion was confirmed by PCR
using the oligonucleotides listed in Table 53 and by the growth
defect of the strain in lactate minimal medium (Figure S1, see
supplementary data for details).

To study the influence of pyc deletion and overexpression on
L-lysine production in DM1868, the relevant strains were
cultivated in CGXII minimal medium with 4% (w/v) glucose
in a BioLector microcultivation system for 24 h. As shown in
Table S4, the lysine titer of strain DM1868Apyc/pANG6 was
reduced by 14% compared to the lysine titer of the parental
strain DM1868/pANG6. In a previous study with the C.
glutamicum strain DGS2-5, deletion of pyc had a much stronger
effect, as lysine production dropped by about 60%.'” The
reasons for this discrepancy could be the different strain
background (strain DGS2-5 was generated by random
mutagenesis) and differences in the cultivation conditions.
IPTG-induced overexpression of pyc via plasmid pAN6-pyc in
strains DM1868 and DM1868Apyc caused an increase of the
lysine titer by 63% compared to strain DM1868/pANG6. These
results confirm that PCx activity based on chromosomal
expression of pyc from its native promoter is a bottleneck for
lysine overproduction. Similar results were obtained previously
with strain DG52-5, where IPTG-induced pyc overexpression
increased the lysine titer by 47%."” The results described above
for strain DM1868Apyc suggested that this strain is suitable for
screening a mutant library for improved PCx variants.

Testing the Reporter Strain by Comparison of Wild-
Type PCx and the PCx"*® Variant. To test whether the
biosensor pSenLys—Spc24 allows to distinguish cells with small
differences in lysine production, strain DMI1868Apyc was
cotransformed with pSenLys-Spc and either pANG6, pANG6-pyc,
or pAN6-pyc™**. The pyc™**® variant was reported to enable a
7% increase in lysine production compared to wild-type pyc in
a strain carrying additionally the lysC'3" mutation.'® After

DOI: 10.1021/acssynbio.8b00510
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cultivation, the strains were analyzed by FACS and the median
fluorescence output of the cells was determined. As shown in
Figure 2, cells of the strain with the PCx"™* variant showed a
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Figure 2. FACS analysis of C. glutamicum DMI1868Apyc carrying
pSenLys-Spc and different plasmid-encoded pyc variants. An overlay
of DM1868Apyc/pSenLys-Spc transformed with either pAN6 (red),
pANG-pyc (blue), or pAN6-pyc™** (green) is shown as dot plot (A)
and histogram (B). In the dot plot, the fluorescence intensity (eYFP)
is plotted against cell size (FSC-H), whereas the histogram shows the
cell count against the fluorescence intensity (eYFP).

median fluorescence of 3690, which is 13% higher than that of
the strain with wild-type PCx and 369% higher than that of a
PCx-negative strain. On the basis of these results, our reporter
strain DM1868Apyc/pSenLys-Spc can be employed to
distinguish between wild-type PCx and improved variants.
However, due to the rather small difference in fluorescence
output between the cells with wild-type PCx and optimized
PCx variants, a high number of false positive cells was expected
after FACS.

Construction and Screening of a pyc Mutant Library.
A pyc mutant library was generated via error-prone PCR and
cloned into pANG6, resulting in the library L-pANG6-pyc™™,
which was subsequently used to transform E. coli NEB5¢. The
plasmids were isolated from about 9.6 X 10 colonies and used
to transform the screening strain C. glutamicum DM1868Apyc/
pSenLys-Spc. The resulting 1.1 X 10° transformants were
pooled for further analysis. The mutant library and control
strains were cultivated in glucose minimal medium until they
reached on ODygy, of 2 at which pyc expression was induced
with 1 mM IPTG, and the cultures were incubated for another
4—>5 h. After suitable dilution the cultures were used for FACS
analysis (Figure 3).

Gate 0 was set for all subsequent FACS experiments to
exclude cell doublets and debris from screening, which made
up approximately 7% of all analyzed events of each culture
(Table 1). Sorting of cells with increased fluorescence
compared to the reference strain with wild-type PCx was
accomplished using two different approaches: gate 1 was set in
a dot plot of eYFP fluorescence against FSC (forward scatter, a
parameter for cell size) in such a way that both the number of
cells of the positive control strain with pANG-pyc”™** falling
within the gate and the number of cells containing either
pANG6-pyc or only pANG6 being excluded from the gate were
maximized (Figure 3). Of 100000 analyzed cells each, 272
cells of the positive control with pANG-pyc™**%, 185 cells of the
reference strain expressing wild-type pyc, and only 9 cells of the
negative control with pANG fell within this gate (Table 1). The
overall fluorescence of the pyc mutant library was lower
compared to cells harboring exclusively pANG-pyc or pANG-
pyc”B5, presumably because random mutagenesis resulted in a
large fraction of PCx variants with lowered or lost activity.
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Figure 3. Sorting strategy for screening of the pyc mutant library in C.
glutamicum DM1868Apyc/pSenLys-Spe. Cells were inoculated to an
ODggo of 1 in CGXII minimal medium with 4% (w/v) glucose and
cultivated at 30 °C. At an ODyy, of 2, pye expression was induced with
1 mM IPTG. After 5 h incubation, the cells were diluted to an ODjgy,
< 0.1 in sterile PBS and directly analyzed by FACS. Selection of single
cells with increased fluorescence was performed by setting either gate
1 in the dot plot or gate 2 in the histogram. Cells outside the gates
were not analyzed further.

Nevertheless, 80 out of 100 000 analyzed cells of the mutant
library fell into gate 1 (Figure 3; Table 1).

Gate 2 for sorting highly fluorescent cells was set in the
histogram showing the cell count with respect to fluorescence
intensity. In this approach, only one cell out of 100 000 cells of
the negative control, 63 cells of the reference strain with
pANG-pyc, and 115 cells of the positive control with pAN6-
pyc" P fell into this gate. With gate 2, cells were sorted
independent of their cell size and hence only bigger cells were
collected (data not shown). In contrast to the approach used
for gate 1, only six out of 100000 cells of the library were
sorted using gate 2 (Figure 3; Table 1).

Using the gates described above, more than 1.7 X 10° cells
of the mutant library were screened and 96 clones each of gate
1 and gate 2 were sorted onto BHI agar plates with kanamycin
and spectinomycin for further analysis. After cultivation for 24
h, 74 cells from gate 1 and 71 cells from gate 2 had formed
colonies.

Testing of Clones Isolated from the pyc Mutant
Library Regarding Growth and L-Lysine Production. A
total of 40 clones of each gate were evaluated regarding growth
and specific fluorescence by cultivation in a BioLector and
measurement of the L-lysine concentration in the supernatant
after 28 h (Table 2). Three clones of gate 2 did not grow and
were therefore not analyzed further. Moreover, 35 clones of
gate 1 and 31 clones of gate 2 were excluded from further
analysis because of lower or equal lysine titers and specific
fluorescences compared to the reference strain DM1828Apyc/
pSenLys-Spc/pANG6-pyc. As mentioned before, the high
number of false positive clones was expected due to the
small differences in fluorescence between wild-type PCx and
the improved variants. Nevertheless, five clones isolated from
the pyc library with gate 1 and six clones isolated with gate 2
were chosen for further analysis due to their increased L-lysine
titers. Sequence analysis of the 11 pyc variants revealed two
which did not contain any mutation and were therefore not
analyzed further, In the other nine pyc variants, 21 mutations
were identified, three of which were silent, whereas 18 resulted
in amino acid exchanges (Table 2). These nine PCx variants
(PCx“', PCx“?, etc.) contained 1—4 amino acid exchanges
each.

Analysis of Isolated Clones after Reconstruction.
Potential beneficial mutations identified by the screening

DOI: 10.1021/acssynbio.8b00510
ACS Synth. Biol. 2019, 8, 274-281



48 Results

ACS Synthetic Biology

Table 1. FACS Analysis of C. glutamicum DM1868Apyc/pSenLys-Spc Carrying Either the pyc Mutant Library or Control
Plasmids®

Gate 0 Gate 1 Gate 2
DM1868Apyc/pSenLys-Spc transformed with events median fluoresc. events median fluoresc. events median fluoresc.
pANG6 93 044 1723 9 10782 1 18 091
PANG6-pyc"T 93 145 3287 185 7287 63 18737
PANG-pyc" 8 93031 3504 272 7861 115 18 862
L-pANG6-pycM™t 92 581 2397 80 6861 6 18767

“100 000 cells of each strain were analyzed. For all sortings, electronic gating was set in a dot plot of FSC-H against FSC-W to exclude cell doublets
and cell debris (gate 0). Selection of single cells with increased fluorescence was performed by setting either a gate in a dot plot (gate 1) orin a
histogram (gate 2). The number of cells falling into the respective gates as well as the median fluorescence of the population within each gate is
shown.

Table 2. Genotypic and Phenotypic Characterization of C. glutamicum Strains Isolated by FACS from the pyc Mutant Library
and of Control Strains

gate Sct):aicr?sntrol dones mut;;ic%n in  amino acililciﬁgchange in speciﬁc( glllft‘gscence l(,;]lzl\s/llng L-lysine (mM) of Fl:ecco(rlstructed clones
1 (R)C1 A205G KO069E 0.92 59.8 362 + 2.9
A2708G D903G
T3001C F1001L
(R)C2 C882T H294H 0.94 57.7 326 £ 1.1
Al171G 1391v
CI1318A R440R
G1957A D653N
T3254C V108SA
T3302C 11101T
(R)C3 G1452C K484N 0.86 61.9 17.5 + 2.0
GI1564A AS22N
(R)C4 A1027G T343A 1.02 539 41.8 + 2.5%
T3035G 110128
(R)CS T3245C V1082A 0.83 50.4 372 £ 3.0
2 (R)C7 A394G T132A 0.46 472 457 + 1.7%%*
(R)CS8 0.41 429
(R)CY A2104G 1702V 1.38 42.7 40.8 + 1.0*
(R)C11 A3355G 11119V 0.38 47.8 38.5 £ 1.7
(R)C12 0.39 46.4
(R)C13 T2422C Y808H 0.41 55.5 382 + 39
A2584G N862D
control strains PANG6 209 + 2.3
pANG6-pyc Gate 1:0.9 Gate 1:53.0 384 +2.2
Gate 2:0.7 Gate 2:42.1
PANG-pyc"*#s8S C1372T P458S 393 £3.0

“Positions of point mutations in pyc genes and the resulting amino acid exchanges in PCx are listed for 13 clones isolated by FACS (C1-C13). RC
indicates the clones in which the pyc variants were reconstructed and transferred into C. glutamicum DM1868Apyc. PThe specific fluoresence and
the L-lysine titers of clones C1—C13 were determined after 28 h cultivation in a BioLector from a single experiment. “The pyc genes from clones
C1—-C13 were recloned into pANG6 and the resulting plasmids pANG-pyc"“'"!? were transferred into C. glutamicum DM1828Apyc without
pSenLys-Spc. After cultivation for 24 h in a BioLector, the lysine concentration was determined. In this case, data represent average values and
standard deviations of at least six biological replicates. Single and double asterisks indicate p-values of <0.0S and <0.01, respectively (f test).

procedure described above had to be re-evaluated in an reference strain after reconstruction. The best strain was RC7,
independent strain and plasmid background in order to which carried a single amino acid exchange (PCx™***) and
exclude secondary mutations on the plasmids or within the formed 19% more lysine (45.7 = 1.7 mM) than the reference
genome as causes of the improved L-lysine production. Hence, strain (38.4 + 2.2 mM). Second best was strain RC4 carrying

the mutated pyc genes of the clones C1, C2, C3, C4, CS, C7, two amino acid exchanges (PCxT334 110128) ith a 9% higher
C9, Cl11, and C13 were amplified by high-fidelity PCR and lysine titer (41.8 + 1.0 mM). The mentioned strains grew like

recloned into pANG6. C. glutamicum DM1868Apyc without the reference strain (data not shown).
pSenLys-Spc was transformed with the different pAN6-pyc™ Chromosomal Integration of Two pyc Mutations and
plasmids and the resulting strains RC1, RC2, etc., as well as the Analysis of Their Impact on Growth and L-Lysine
reference strain DM1868Apyc/pAN6-pyc and the negative Production. For biotechnological production processes,
control DM1868Apyc/pANG6, were analyzed with respect to chromosomally encoded variants of improved enzymes are
growth and L-lysine production as described above. As shown often desirable. To exemplarily analyze the effects of
in Table 2, three strains showed a higher lysine titer than the chromosomal PCx mutations, we constructed the strains
277 DOI: 10.1021/acssynbio.8b00510
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Figure 4. Structural model of PCx of C. glutamicum generated with SWISS-MODEL. Structure modeling was performed with SWISS-Model™®
using the crystal structure of Staphylococcus aurews PCx (PDB ID: 3BGS)™ which shows 47% amino acid sequence identity to C. glutamicum PCx.
In graphic A, the homotetrameric form of PCx is shown with one subunit colored. In graphic B, the colored monomer is shown in more detail with
the biotin carboxylation domain (BC) in cyan, the PCx tetramerization domain (PT) in yellow, the biotin carboxyl carrier domain in green, and the
carboxyltransferase domain (CT) in blue. Pyruvate is shown in the binding pocket of the CT domain and ATP in the binding pocket of the BC
domain. In panels C, the vicinity of the four amino residues whose exchange was found to stimulate lysine synthesis is enlarged. The relevant
regions with the wild-type amino acid residues (purple) and with the mutated residues (purple) are shown below each other. Oxygen atoms are
marked in red, nitrogen atoms in blue, and hydrogen bonds are shown as red solid lines. The image was edited by using UCSF Chimera 1.10.2
(Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco).

DM1868 pyc"™ and DM1868 pyc'**** (Figure S2). Strain
DM1800 was used as positive control, since it encodes the
feedback-resistant aspartate kinase LysCTam as well as
PCx"%, All strains were cultivated in a BioLector and the
L-lysine concentration was measured in the supernatants after
24 h. The strains showed a comparable growth behavior and
reached the stationary phase after 12 h (data not shown).
Strain DM1800 produced 27.5 + 3.1 mM lysine, which
corresponds to an increase of 1.2% compared to strain
DM1868 (27.2 + 1.1 mM) and was not significant in a t test.
The newly constructed chromosomal variants PCx''*** and
PCx™** Jed to an increase of the lysine titer by 79 (29.1 +
3.0 mM) and by 15% (31.4 + 1.7 mM), respectively.
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Alignment and Structural Modeling of PCx. A
structure-based alignment of different biotin-dependent
carboxylases was performed using a 3DM database™ to
check the conservation of the mutated residues (Table SS).
A sequence-based alignment of several PCx proteins is shown
in Figure S3. The proline residue of the previously identified
PCx™*% variant is highly abundant among biotin-dependent
carboxylases with 21.7% of all 9901 aligned sequences showing
proline at position 458. Conversely, a serine residue at this
position was found in only about 1% of the aligned sequences.
The threonine residues changed in variants PCx™*** and
PCx™4 ghow a low degree of conservation, and alanine
residues are also found at these positions. Also, the isoleucine

DOI: 10.1021/acssynbio.8b00510
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residue changed in the PCx""?S variant has a low degree of

conservation and is often replaced by other branched-chain
amino acids, but rarely by serine.

A homology model of C. glutamicum PCx was generated to
analyze the amino acid exchanges T132A, T343A, 110128, and
P458S on the structural level (Figure 4). Residues T132, T343,
and P458 are located on the surface of the BC domain,
whereas 11012 is present in the PT domain. None of the
residues is located near the active sites of PCx and the
consequences of the mutations cannot be predicted from the
model. Higher affinities for pyruvate or bicarbonate or reduced
inhibition by aspartate could be possible reasons for the
positive effects of the identified mutations on lysine
production.

Concluding Remarks. The genetically encoded single-cell
biosensor pSenLys enables the detection of increased
cytoplasmic lysine concentrations as increased fluorescence at
the single-cell level and allows FACS-based HT-screening.ZI In
a previous study, pSenLys was employed to identify feedback-
resistant variants of aspartate kinase.”* In that case, wild-type
C. glutamicum could be used as background for the lysC mutant
library, as amino acid exchanges causing feedback-resistance of
LysC are sufficient to trigger strong overproduction of lysine
and consequently a strong increase in fluorescence. Cells
carrying such LysC variants could be easily distinguished by
FACS from cells carrying wild-type LysC. In the present study,
the prerequisites for successful screening of a PCx mutant
library with pSenLys were much more intricate, as PCx
mutations alone are not sufficient to trigger lysine over-
production. Therefore, a strain that already overproduced
lysine had to be used as a parent strain and the improved PCx
variants enabled only small increases in lysine production and
thus fluorescence. Nevertheless, our results demonstrate that
these small differences were sufficient to identify new beneficial
mutations in PCx, while also leading to a high fraction of false
positive clones that had to be eliminated. For this purpose,
efficient medium-throughput analysis of the originally sorted
clones by microscale cultivation devices and rapid product
analysis methods is inevitable.

The fact that, despite the difficult experimental setup, PCx
variants enabling increased lysine production could be isolated
from a relatively small library (ca. 10° clones) underlines the
potential of the directed evolution approach used here.
Particularly, it suggests that biosensors such as pSenLys can
be used to screen for optimized variants of many enzymes
involved in transforming the substrate, for example, glucose,
into the analyzed product, for example, lysine. Thus, the
approach might enable the identification of improved variants
of enzymes of central metabolic pathways such as glycolysis or
the pentose phosphate pathway, which in turn are expected to
be useful for metabolic engineering of a large spectrum of
producer strains for diverse products, all of which involve these
enzymes in their biosynthesis.

B METHODS

Bacterial Strains, Plasmids, Growth Conditions,
Recombinant DNA Techniques, and Lysine Quantifica-
tion. Strains, plasmids, growth conditions, recombinant DNA
techniques, and lysine quantification by HPLC are described in
the Supporting Information.

Library Construction. For the construction of a pyc
mutant library, the C. glutamicum pyc open reading frame
(cg0791) with additionally ~50 bp upstream and downstream
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regions was amplified from plasmid pUCI18-pyc with the
GeneMorph II Random Mutagenesis Kit (Agilent Technology,
Santa Clara, CA, USA) and oligonucleotides EP-pyc-for and
EP-pyc-rev. Conditions were adjusted in such a way that about
four mutations/gene were introduced. Error prone-PCR
products were purified, digested with Ndel and Mfel, and
ligated with plasmid pANG6 that had been cut with Ndel and
EcoRI. The ligation mixture was used to transform chemically
competent E. coli NEBSa cells. The transformation mixture
was spread onto two agar plates (@ 260 mm) with 50 mg L™
kanamycin and incubated for 24 h at 30 °C. Additional control
plates were prepared for the determination of the library size.
Afterward, all colonies were washed off the plate and pooled in
LB medium. The L-pAN6-pyc™™ library was isolated with the
QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany) and
used to transform C. glutamicum DMI1868Apyc already
harboring plasmid pSenLys-Spc. The cells were spread onto
BHI agar plates (@ 260 mm) with 12.5 mg L™ kanamycin and
125 mg L™ spectinomycin. After 24 h of incubation at 30 °C
all colonies were pooled in 4 mL of BHI medium with
appropriate antibiotics. Aliquots were supplemented with
glycerol to a final concentration of 12.5% (v/v) and stored
at —80 °C.

FACS Analysis. FACS analysis was performed using a
FACS ARIA II high-speed cell sorter (BD Biosciences,
Franklin Lakes, NJ, USA). C. glutamicum strains were first
cultivated as 10 mL BHI cultures in 100 mL baffled shaking
flasks at 130 rpm and 30 °C for 16 h. After these cells were
washed with 0.9% (w/v) NaCl, they were used to inoculate the
main cultures of 50 mL of CGXII medium with 4% (w/v)
glucose in 500 mL baffled shake flasks to an ODgy, of 1.
Expression of pyc was induced by the addition of 1 mM IPTG
at an ODgg of 2. After further cultivation for 4—35 h, the cells
were diluted to an ODgyy below 0.1 in sterile phosphate-
buffered saline (PBS, 37 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 1.8 mM KH,PO,, pH 7.4) and used immediately
for FACS analysis. A 488 nm blue solid state laser was used to
detect eYFP fluorescence with a 502 nm long-pass and a 530/
30 nm band-pass filter set. Forward-scatter (FSC) and side-
scatter (SSC) were detected as a voltage pulse of height (H),
weight (W), and area (A). Cells were analyzed with a threshold
rate up to 6000 events s~' and a sample pressure of 70 psi. For
cell sorting, a preselection of cells was performed to exclude
doublets and debris by electronic gating using FSC-W against
FSC-H. Gates in the eYFP channel were set to exclude low-
fluorescent cells harboring pAN6 or pAN6-pyc. Clones of each
gate showing an enhanced eYFP signal were sorted on BHI
agar plates with 12.5 mgL™" kanamycin and 125mgL™"
spectinomycin, which were subsequently incubated for 24 h
at 30 °C. Afterward, each colony was used to inoculate $ mL of
BHI medium supplemented with 12.5 mg L™ kanamycin and
125 mg L™ spectinomycin, and cells were grown overnight at
30 °C and 170 rpm. From these cultures glycerol stocks were
prepared with a final glycerol concentration of 12.5% (v/v) in
BHI media and stored at —80 °C until the clones were
analyzed further. All FACS data were analyzed using BD DIVA
6.1.3 and FlowJo 7.6.5 software (Tree Star, Inc., Ashland, OR,
USA).
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Bacterial strains, plasmids and growth conditions. All bacterial strains and plasmids
used in this study are listed in Table S2. Escherichia coli DH50 was used for cloning and
E. coli NEB5a for library construction. Both strains were cultivated at 37°C in lysogeny broth
(LB)." If necessary, the medium was supplemented with 100 mg L ampicillin, or 50 mg L
kanamycin. The C. glutamicum type strain ATCC13032 was used as wild-type. For
determination of growth and specific fluorescence of pyc library clones and complementation
experiments, 800 uL brain heart infusion (BHI) (Difco Laboratories, Detroit, MI, USA)
medium with required antibiotics (25 mgL ' kanamycin and/or 250 mg L' spectinomycin)
was inoculated with a C. glutamicum colony from a fresh BHI agar plate and this first
preculture was incubated for 8 h in a Microtron shaker (Infors HT, Bottmingen, Switzerland)
at 900 rpm, 30°C, and 75% humidity. After washing with 0.9% (wt/vol) NaCl and
centrifugation (10 min, 15,000 g, 4°C), the cells of the first preculture were used to inoculate
800 uL CGXII minimal medium® with 4% (wt/vol) glucose and 0.03g™' 34-
dihydroxybenzoate as iron chelator to an optical density at 600 nm (ODggo) of 0.05. This
second preculture was incubated for 16 h in the Microtron shaker. The cells of the second
preculture were washed as described above and used to inoculate 800 uL. CGXII medium with
4% (wt/vol) glucose or 2% (wt/vol) lactate to an ODggo of 0.5. These main cultures were
incubated at 1200 rpm, 30°C, and 80% humidity in a BioLector (m2p-labs, Baesweiler,
Germany), which allows online measurement of growth as backscattered light of 620 nm and
of eYFP fluorescence (excitation/emission 510 nm/532 nm). All cultivations were performed
in 48-well microtiter Flowerplates (m2p-labs, Baesweiler, Germany). The expression of target
genes was induced by addition of 0 — 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG).

Recombinant DNA techniques. Oligonucleotides were purchased from Eurofins MWG
Operon (Ebersberg, Germany) and are listed in Table S3. Standard DNA and cloning
techniques were performed as described.’ FastDigest restriction enzymes were used according
to the recommendations of the supplier (Thermo Fisher Scientific, Waltham, MA, USA).
Plasmid DNA of E. coli was isolated using the QIAprep Spin Miniprep Kit and PCR
fragments were purified from agarose gels using the QIAex gel elution kit (both QIAGEN,
Hilden, Germany). PCR fragments were cloned into plasmids using either the Rapid DNA
Ligation Kit (Roche Diagnostics GmbH, Mannheim, Germany) or a self-prepared Gibson
Assembly master mix.* Transformation of RbCl-competent E. coli cells with plasmid DNA
was done by heat-shock.” Competent C. glutamicum cells were prepared and transformed with
plasmid DNA by electroporation as described previously.6 All plasmids were checked for the
correct insert by sequencing (Eurofins MWG Operon, Ebersberg, Germany). The construction
of plasmids and strains is described in the supporting information.

Construction of plasmid pUC18-pyc. For the construction of plasmid pUC18-pyc, pyc
was amplified using Phusion Green High-Fidelity DNA Polymerase (Thermo Fisher
Scientific, Waltham, MA, USA) and oligonucleotides Pyc-Xbal-Ndel-for and Pyc-Mfel-
HindIlI-rev with genomic DNA of C. glutamicum ATCC13032 as template. Afterwards,
digestion of the PCR product and plasmid pUC18 was done with enzymes Xbal and HindIII
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and both fragments were ligated using the rapid ligation kit and used to transform E. coli
DH5a.

Construction of strain DM1868Apyc. For the construction of the deletion mutant
DM1868Apyc, plasmid pK19mobsacB-Apyc was constructed. The flanking regions of the pyc
gene were amplified using Phusion Green High-Fidelity DNA Polymerase (Thermo Fisher
Scientific, Waltham, MA, USA) and the oligonucleotide pairs dpyc-1-BamHI-for/dpyc-1-ov-
rev and dpyc-2-ov-for/dpyc-2-EcoRI-rev with genomic DNA of C. glutamicum ATCC13032
as template. The resulting PCR products had a size of 468 bp and 431 bp, respectively. With
an overlap-extension PCR both fragments were fused, resulting in an 868 bp-PCR product,
encoding the up- and downstream regions of pyc linked by 21 bp. Afterwards, digestion of the
generated DNA fragment and plasmid pK19mobsacB was done with enzymes BamHI and
EcoRI and both fragments were ligated using the DNA rapid ligation kit. The deletion of pyc
in C. glutamicum DM1868 was done by two-step homologous recombination with
pK19mobsacB-Apyc as described before.” Finally, the correct deletion of pyc in the genome
was verified by PCR using the oligonucleotides c-dpyc-for/rev.

Construction of strains with chromosomally encoded PCx variants. For the
integration of the mutations T132A and T343A into the chromosomal pyc gene of C.
glutamicum DM1868 the plasmids pK19mobsacB-pyc'*** and pK19m0bsacB—pycT343A were
constructed (Fig. S2). First, ~500 bp fragments of wild-type pyc were amplified with the
oligonucleotide pairs T132A-Ex-for/rev or T343A-Ex-for/rev from genomic DNA of strain
ATCC13032 and cloned into pK19mobsacB cut with BamHI and EcoRI by Gibson assembly.
In the next step, the point mutations T132A and T343A were introduced into the
corresponding pK19mobsacB derivatives using the oligonucleotide pairs T132A-mut-Bgll-
for/rev and T343A-mut-Bgll-for/rev with the QuikChange II Site-Directed Mutagenesis Kit
(Agilent Technologies, Waldbronn, Germany). To allow screening for the correct insertion of
the point mutation by restriction, a second, silent point mutation was introduced close to the
desired mutation leading to the formation of a new restriction site. The plasmids were checked
by sequencing using the oligonucleotides c-pK19-for/rev. Introduction of the pyc mutations
into the genome of C. glutamicum DM1868 was performed by two-step homologous
recombination.” The recombinants were analyzed by digesting a PCR-amplified pyc fragment
from the genome with Bgll and positive clones were rechecked by sequencing with the
oligonucleotides c-Ins-T132A-for/rev and c-Ins-T343A-for/rev.

Western blot analysis. To verify that increased IPTG concentrations led to an increased
production of biotinylated PCx in C. glutamicum DM1868Apyc/pAN6-pyc when cells were
grown on lactate as sole carbon source, Western blotting with a biotin-detecting antibody was
performed. A first preculture of 10 mL BHI-medium was inoculated with a fresh colony from
a BHI agar plate and cultivated in a 100 mL baffled shaking flask at 130 rpm and 30°C. The
second preculture in CGXII medium supplemented with 4% (wt/vol) glucose was inoculated
to an ODggp of 0.5 and cultivated for 16 h at 30°C. Subsequently, the cells were washed once
with 0.9% (wt/vol) NaCl and used to inoculate 50 mL CGXII medium supplemented with 2%
(wt/vol) Na-D,L-lactate to an ODgq of 1. After 24 h the cells were harvested by centrifugation
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(4°C, 15 min, 5200 g), washed once with 10 mM Tris-HCI pH 8.3, 400 mM NaCl and 2 mM
EDTA and suspended in 800 uL of the same buffer. The cells were disrupted by beat-beating
with about 200 mg glass beads using a Precellys 24 device (Peqlab Biotechnologie, Erlangen,
Germany). Cell debris was removed by centrifugation (4°C, 15 min, 16,000 g) and the protein
concentration in the cell-free supernatant was determined with the BCA assay (BC Assay
Protein Quantitation Kit, Uptima, Interchim, Montlucon, France). Proteins of the crude extract
were separated by SDS-polyacrylamide gel electrophoresis.8 Gels were electroblotted for 1 h
with 15 V onto a nitrocellulose membrane (GE Healthcare Bio-Sciences, Uppsala, Sweden)
using a transblot semidry transfer cell (Bio-Rad, Miinchen, Germany) and buffer containing
25 mM Tris, 192 mM glycine, and 20% (vol/vol) methanol. To avoid unspecific binding, the
membrane was blocked for at least 4 h with 5% (wt/vol) skim milk powder in TBST buffer
(10 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.1% (vol/vol) Tween-20) at room temperature.
Biotinylated proteins were detected using a Strepavidin-alkaline phosphatase conjugate
(Amersham), diluted 1:4000 in TBST buffer and Novex® AP Chemiluminescent Substrate
(Thermo Scientific, Waltham, MA, USA). A Fuji LAS-3000 Mini CCD camera (Fujifilm Life
Science; Tokyo, Japan) was used for visualization of chemiluminescent bands.

Lysine quantification by HPLC. L-Lysine concentrations were determined in the
supernatant of C. glutamicum clones cultivated in a BioLector for 24 h. Cells were separated
by centrifugation (15 min, 13,000 g, 4°C) and amino acids were quantified as their o-
phthaldialdehyde derivatives via high-pressure liquid chromatography using a Agilent LC
1100 HPLC system (Agilent Technologies, Waldbronn, Germany) as described equipped with
an ODS Hypersil 120 x 4 mm column (CS Chromatographie Service GmbH, Langerwehe,
Germany) and a fluorescence detector. As eluent, a gradient of 80% (vol/vol) solvent A
(0.1 M sodium acetate buffer (pH 7.2)) and 20% solvent B (100% methanol) to 20% solvent
A and 80% solvent B was used. Substances were eluted based on their hydrophobicity with a
flow rate of 0.6 mL/min at 40°C. Fluorescence was detected at 540 nm with excitation at
230 nm and the amino acid concentrations were determined using an external amino acid
standard (AAS18; Sigma Aldrich, St. Louis, MO, USA) with defined concentrations.

Supplemental results

Relevance of PCx for growth of C. glutamicum DM1868 on lactate as sole carbon
source. The deletion of pyc is known to cause a strong growth defect with lactate as sole
carbon source.” We therefore checked our strain DM1868Apyc with respect to growth in
CGXII minimal medium with lactate and tested complementation with plasmid pAN6-pyc or
PANG6 as negative control. As shown in Fig. S1A, DM1868Apyc/pAN6 had the expected
growth defect (u = 0.06 + 0.02 h™), whereas strain DM1868/pAN6 showed a growth rate of p
= 0.24 + 0.01 h'". In the presence of pAN6-pyc, but without IPTG addition, growth of
DM1868Apyc was already slightly improved due to the leakiness of the P,,. promoter driving
pyc expression. With increasing IPTG concentrations, growth of DM1868Apyc/pAN6-pyc
continuously improved, reaching a growth rate of u = 0.34 + 0.01 h' at 250 uM IPTG, even
better than strain DM1868/pANG6 carrying only the chromosomal pyc gene. IPTG-induced
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overexpression of pyc in strain DM1868/pAN6-pyc also improved growth and the strain
reached a growth rate of 0.35 + 0.03 h™' at 250 uM IPTG. Western blotting confirmed that the
production of PCx in C. glutamicum DMI1868/pAN6-pyc and DM1868Apyc/pAN6-pyc
increased with higher IPTG concentrations (Figure S1B). These results confirm that PCx is a
limiting factor for growth of C. glutamicum on lactate. Higher PCx concentrations allow a
higher carbon flux into the TCA cycle and probably also improve gluconeogenesis, which is
dependent on PEP carboxykinase and thus on OAA as substrate.
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Supplemental tables

Table S1. Selected examples of C. glutamicum producer strains for various products where

PCx was a target of metabolic engineering.”

Product Strain PCx modification Ref.
Amino acids
L-Lysine B-6 Chromosomal expression of pyc"*™ 10
AHP-3 Chromosomal expression of pyc134588 1
AGM-5 Chromosomal expression of pyc"*% 12
Lys-12 Chromosomal expression of pyc"™* under B
control of P,y
Lys5-9 Chromosomal expression of pycP 485 with a start '
codon exchange from GTG to ATG
BS87AsucCD Chromosomal expression of pyc"*™ under 15
control of Py,y
DM1933AilvB Chromosomal expression of pyc"* to
DG52-5/ pVWEx1-  Plasmid-based expression of pyc under control 17
pyc of Prac
L-Glutamate =~ ATCC13032/ Plasmid-based expression of pyc under control 17
pVWExI1-pyc of Py
SJ8145/pEK-pyc Plasmid-based expression of pyc under control 18
of PumBAD
L-Homo- DM368-3/ Plasmid-based expression of pyc under control 17
serine pVWExI1-pyc of Py
L-Threonine = DM368-3/ Plasmid-based expression of pyc under control 17
pVWEx1-pyc of Pryc
L-Methionine LY-5 Chromosomal expression of pyc™ with a start
codon exchange from GTG to ATG
L-Pipecolic PIPE4 Chromosomal expression of pycP4585 20
acid
5-Amino- 5AVA3 Chromosomal expression of pyc"*™ 2
valerate
Diamines
Cadaverine =~ DAP-16 Chromosomal expression of pyc”** under 2
control of Py,
DM1945 Aact3- Chromosomal expression of pycP 4385 3
ldcC™
Putrescine NA6/ pVWEX1- Plasmid-based expression of pyc under control #
speC-gapA-pyc- of Py
argB VMV g o,
Organic
acids
Succinate ATCC13032 AldhA/  Plasmid-based expression of pyc under control 25,26
pCRA717 of Py,
BOL2 and BOL3 Chromosomal expression of pycp4588 under 7

control of Py
6
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SAS Chromosomal expression of pyc under control of 2
Ptrc
NC-6 Chromosomal expression of an additional pyc »
copy under control of P,y
Glutarate AVA2 Chromosomal expression of pycP 4385 under 30

control of P,y

“Unless otherwise stated, pyc expression is controlled by its native promoter Py..
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Table S2. Bacterial strains and plasmids used in this study.

Strains and plasmids

Relevant characteristics

Source or reference

Strains
E. coli DH5a,

E. coli NEB5a

C. glutamicum
ATCC13032
C. glutamicum DM1868

C. glutamicum DM1800

C. glutamicum
DM1868Apyc

C. glutamicum DM1868

T132A
pyc

C. glutamicum DM1868

T343A
pyc

Plasmids
pUCI18

pUCI18-pyc

PANG6

pANG6-pyc
p AN6—pycP458$

pAN6-pycR™*

Strain used for cloning procedures; F°
080lacZ AM15 A(lacZYA-argF) U169
recAl endAl hsdR17(rk’, mk") phoA supE44
thi-1 gyrA96 relA1 X

E. coli DH5a derivative with high
transformation efficiency; fhuA2 A(argF-
lacZ) U169 phoA ginV44 @80 A(lacZ)M15
gyrA96 recAl relAl endAl thi-1 hsdR17
Biotin-auxotrophic wild-type

ATCC13032 with a point mutation in lysC
(cg0306) resulting in lysC™'"!
ATCC13032 with point mutations in lysC
(cg0306) and pyc (cg0791) resulting in

T3111 P458S
C and pyc

lys
C. glutamicum DM 1868 with an in-frame
deletion of pyc (cg0791)

C. glutamicum DM 1868 with a nucleotide
exchange in pyc resulting in pycT13 24

C. glutamicum DM 1868 with a nucleotide

exchange in pyc resulting pycT343 A

AmpR; E. coli expression plasmid (Pj,c,

lacly, pMB1 oriVEg)

Amp"; pUC18 derivative containing the C.

glutamicum pyc gene (cg0791)

Kan®; C. glutamicum/E. coli shuttle vector

for regulated gene expression using P (Pac

lacl? pBL1 0riVc, pUC18 0riVi)

Kan®; PANG derivative for expression of

pyc (cg0791) under control of Py,

Kan®; pANG6 derivative for expression of

pycp45 8 under control of Py

Kan®; pANG6 derivatives for expression of

pyc variants encoding PCx variants with the

following amino acid exchanges™:

pycRC': KO69E, D903G, F1001L

pyc®%: H294H, 1391V, R440R, D653N,
VI1085A, I1101T

8

New England Biolabs,
Frankfurt, Germany

31

Evonik Industries AG,
Halle (Westf.), Germany
Evonik Industries AG,
Halle (Westf.), Germany
This work

This work

This work

32

This work

33

This work

34

This work
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pSenLys-Spc
pK19mobsacB

pK19mobsacB-Apyc

pKl1 9mobsacB—pych32A

pK19m0bsacB—pycT343A

pycRS: K484N, A522N

pyc®t T343A, 110128

pycS: V1082A

pycR€%: E734K, V883V, K1034R

pchC7: T132A

pchcg: 1702V

pycR1%: M323V, W578R, 1644V, K713R
pyc*M 11119V

Py Y808H, N862D

Spc®; sensor plasmid encoding LysG and its
target promoter Py fused to eyfp

Kan®, vector for allelic exchange in

C. glutamicum (oriVg.. sacB lacZa)

Kan®, pK19mobsacB derivative containing
two homologous regions of about 400 bp
up- and downstream of pyc (cg0791) for
deletion of pyc

Kan®, pK19mobsacB derivative containing a
568 bp pyc fragment with T132A mutation
Kan®, pK19mobsacB derivative containing a
556 bp pyc fragment with T343A mutation

36

This work

This work

This work

“A detailed description of the individual PCx variants can be found in Table 5.



Results

63

Table S3. Oligonucleotides used in this study.

Oligoname Sequence (5°— 3’)*

Construction of pUC18-pyc
Pyc-Xbal-Ndel-for GCTCTAGACGCATATGTCGACTCACACATCTTC
Pyc-HindIlI-Munl-rev  CTTAAGCTTCAATTGAAAGCCCCGCCTCCTCC

Construction of L-pAN6-pycMm
EP-pyc-for GGAAACAGCTATGACCATGATTAC
EP-pyc-rev GATGTGCTGCAAGGCGATTAAG

Oligonucleotides for sequencing L-pAN6-pyc™

PCxCg-Seq-1 AGCATCTCGTGAAGCTGAAG
PCxCg-Seq-2 TCACCGCACACTTTGACTCC

PCxCg-Seq-3 TTTGAGGATCCGTGGGACAG
PCxCg-Seq-4 CGTCGCGATACCGGTTTGAG
PCxCg-Seq-5 TCACACAGGAAACAGAATTA
PCxCg-Seq-6-rev ACGGCCAGTGAATTGAAAGC

Construction of pK19mobsacB-Apyc and PCR analysis of C. glutamicum DM1868Apyc
dpyc-1-BamHI-for TATAGGATCCAAGCAGCACGTCAGCTGGTTC

dpyc-1-ov-rev CCCATCCACTAAACTTAAACATAGAGTAATTATTCCTTTC
dpyc-2-ov-for TGTTTAAGTTTAGTGGATGGGACCTTTCTGTAAAAAGC
dpyc-2-EcoRI-rev TATAGAATTCCACCACCACCTCCTTAG

c-dpyc-for GTTGCTGATCTGGCTGATAC

c-dpyc-rev ATCGCCCTTTATTACCTGCC

Construction of pK19mobsacB-pyc'™** and PCR analysis of C. glutamicum DM1868

T132A
pyc

T132A-Ex-for TCGACTCTAGAGGATCGCCACGGTAGCTATTTAC

T132A-Ex-rev GACGGCCAGTGAATTTCGCCAAGGATCTGC

T132A-mut-BgLI-for CTCACCGGTGATAAGTCTCGCGCGGTAgCCGCCGCCAAGA
AGGCTGGTCTGCCAGTTTTG (Bgll)

T132A-mut-BgLI-rev. CAAAACTGGCAGACCAGCCTTCTTGGCGGCGGCTACCGCG
CGAGACTTATCACCGGTGAG (Bgll)

c-Ins-T132A-for GCTCTAGACGTGTCGACTCACACATCTTC

c-Ins-T132A-rev TGTCCCACGGATCCTCAAAG

Construction of pK19m0bsacB-pycT343A and PCR analysis of C. glutamicum DM1868

T343A
pyc

T343A-Ex-for TCGACTCTAGAGGATCGCCAGCACAGCATTTG

T343A-Ex-rev GACGGCCAGTGAATTACGCACGCAAGAAACCAATG

T343A-mut-BgLI-for TGACCCAAGATAAGATCAAGgCCCACGGGGCAGCACTGC
AGTGCCGCATCACCACGGAAG

10
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T343A-mut-BgLI-rev  CTTCCGTGGTGATGCGGCACTGCAGTGCTGCCCCGTGGGe

CTTGATCTTATCTTGGGTCA
c-Ins-T343A-for AGCATCTCGTGAAGCTGAAG
c-Ins-T343A-rev TGTCCCACGGATCCTCAAAG
Analysis of pK19m0bsacB-pycT132A and pK19m0bsacB-pycT3’43A
c-pK19-for TACCGCCTTTGAGTGAGCTG
c-pK19-rev CTGCGCAACTGTTGGGAAGG

* Restriction sites are underlined, overlaps for Gibson assembly are in bold and for overlap-
extension PCRs are with bold and italic letters. Point mutations causing amino acid exchanges
are indicated with lower case letters.

11
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Table S4. Influence of pyc deletion and overexpression on L-lysine production of
C.glutamicum DM1868."

C. glutamicum strain L-Lysine (mM) L-lysine (mM)
0 uM IPTG 250 uM IPTG
DM1868/pAN6 25.7+£0.9 243 +1.7
DM 1868Apyc/pANG6 21.5+£0.5 209 £ 0.6
DM 1868/pAN6-pyc 28.2+0.5 39.7£0.7
DM 1868Apyc/pAN6-pyc 243 +0.7 39.6+1.1

* Strains were cultivated for 24 h in CGXII minimal medium with 4% (wt/vol) glucose either
in the absence of IPTG or in the presence of 250 uM IPTG in a BioLector. Afterwards, the L-
lysine concentrations in the supernatant were determined by HPLC. The data represent mean
values and standard deviations of three biological replicates.

12
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Table S5. Conservation of the amino acids at positions 132, 343 and 1012 of C. glutamicum

PCx among other biotin-dependent carboxylases.

Frequency of amino acids in aligned sequences (%)

Amino acid position® 132" 343° 1012° 458°
Alanine 18.5 1.4 2.1 1.5
Arginine 11.4 2.2 1.9
Asparagine 7.0

Aspartic Acid 5.0 3.7
Cysteine 1.8

Glutamine 8.7 2.8 2.7
Glutamic Acid 14.8 4.5
Glycine 1.1
Histidine 5.2 2.3 1.9
Isoleucine 2.8 25.4 41.5 11.8
Leucine 1.2 25.0 2.1 22.5
Lysine 11.6 1.0 2.0
Methionine 2.6 1.1 34
Phenylalanine 8.6 9.2
Proline 9.1 21.7
Serine 4.5 1.1 1.0
Threonine 8.0 8.3 1.1 1.4
Tyrosine 1.7 5.6
Tryptophan 1.0
Valine 7.0 51.1 2.0

* The frequency (in %) of different amino acids at the indicated positions of C. glutamicum
PCx was derived from a 3D-model database’’ containing an alignment of related biotin-
dependent carboxylases based on their structure.

® Data of 8869 sequences.
¢ Data of 5942 sequences.
4 Data of 94 sequences.

¢ Data of 9901 sequences.
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Supplemental figures
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Figure S1. Effects of pyc deletion and overexpression in C. glutamicum DM1868 on
growth with lactate as sole carbon source. (A) The strains DM1868Apyc and DM 1868
carrying either pANG6-pyc or as negative control pAN6 were cultivated at 30°C for 24 h in a
BioLector in CGXII medium with 2% (wt/vol) lactate. Expression of plasmid-borne pye was
induced by addition of the indicated IPTG concentrations at the start of the cultivation. (B) To
check the expression of pyc, biotinylated PCx was analyzed by Western blotting using
StrepTactin-AP conjugate for detection. Equivalent protein amounts (120 ug) of cell-free
extracts of lactate-grown cells were subjected to SDS-PAGE and blotted onto a nitrocellulose
membrane. Biotinylated proteins are indicated by arrows and represent PCx (123 kDa) and
acetyl-CoA carboxylase (ACC, 65 kDa). Strains harboring pAN6 were used as negative
control (NC). To estimate the size of the proteins, Precision Plus Protein™ All Blue
Prestained Protein Standard marker (M) was used (Bio-Rad Laboratories, Inc., Hercules,
California, US).
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K6-Ex-T343A-for
T343A-mut-Bgll-for
~.Bgll

T343A

pK19mobsacB-pyc

,CT-Ex-T132-for
T132A-mut-Bgll-for
/. Bgll

T132A-mut-Bgll-rev

—C7-Ex-T132A-rev

T132A

pK19mobsacB-pyc

4-Ex-T343A-for
TCGACTCTA GAGGATCGCCAGCACAGCATTTG GATCCAGAACTGCG

TGATCGCATTTGTGCGGATGCAGTAAAGTTCTGCCGCTCCATTGGTT
ACCAGGGCGCGGGAACCGTGGAATTCTTGGTCGATGAAAAGGGCA

ACCACGTCTTCATCGAAATGAACCCACGTATCCAGGTTGAGCACAC

CGTGACTGAAGAAGTCACCGAGGTGGACCTGGTGAAGGCGCAGAT
GCGCTTGGCTGCTGGTGCAACCTTGAAGGAATTGGGTC GACCCA

= Ball 343A-mut-Bgll-for/rev
AGATAAGATCAAGTTTTACEOEETACCACT CEABT L ACATEAC
ATCCAAACAA T AGATA AACTAT

ACCGCGTACCGCTCACCAGGCGGAGCTGGCETTCGTCTTGACGET
GCAGCTCAGCTCGGTGGCGAAATCACCGCACACTTTGACTCCATG

CTGGTGAAAATGACCTGCCGTGGTTCCGACTTTGAAACTGCTGTTG

CTCGTGCACAGCGCGCGTTGECTCAGTTCACCGTGTCTEETETTG
<+ C4-Ex-T343A-rey
\TTCACTGGCCGTC

pyc'<<

C7-Ex-T132A-for -»
TCGACTCTAGAGGATCQQCACQQTAQCTATI’TACCCCCGTGAAGAT

CGGGGATCATTCCACCGCTCTTTTGCTTCTGAAGCTGTCCGCATTG

GTACCGAAGGCTCACCAGTCAAGGCGTACCTGGACATCGATGAAAT
TATCGGTGCAGCTAAAAAAGTTAAAGCAGATGCCATTTACCCGGGAT
ACGGCTTCCTGTCTGAAAATGCCCAGCTTGCCCGCGAGTGTGCGG
AAAACGGCATTACTTTTATTGGCCCAACCCCAGAGGTTCTTGATCTC
4 T132A-mut-Bgll-for/rev > Bgll
GQE_QCE_GQEAAEAAE_G_Q_G_GI
CTGCCAGTTTTEGCGGAATCCACCCCGAGCAAAAACATCGATGAGA

TCGTTAAAAGCGCTGAAGGCCAGACTTACCCCATCTTTGTGAAGGC

AGTTGCCGGTGGTGGCGGACGCGGTATGCGTTTTGTTGCTTCACC

TGATGAGCTTCGCAAATTAGCAACAGAAGCATCTCGTGAAGCTGAA
GCGGCTTTCGGCGATGGCGCGGTATATGTCGAACGTGCTGTGATTA

4 C7-Ex-T132A-rev
ACCCTCAGCATATTGAAGT!

pyc'<<
GTC

T132A

Figure S52. Maps and partial sequences of plasmids pK19mobsacB-pyc and
pK19mobsacB-pycT343A. The pyc gene fragments carrying the mutations are marked green
and the sequences are shown on the right. Oligonucleotides are indicated in grey, the PCx-
encoding sequence is underlined, and point mutations are marked in red. Asterisks indicate
the mutation causing the amino acid exchange.
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Figure S3. Amino acid sequence alignment of PCx proteins. The PCx sequences were
derived from C. glutamicum ATCCI13032 (CGTRNA_RS03450; cg0791), Mycobacterium
smegmatis NCTC8159 (ERS451418_02426), Homo sapiens (NP_071504), Saccharomyces
cerevisiae S288c (PCx isoenzyme 1: YGLO62W), Pseudomonas aeruginosa NBRC12689
(PCxA: PAS0071_28335; PCxB: PA5S0071_28330); Rhizobium etli CFN42 (RHE_CH04002),
Staphylococcus  aureus DSM20231  (AA076_05500); Bacillus  subtilis NCIB3610
(B4U62_08180). Note that PCx of P. geruginosa is actually composed of subunit A (471
amino acids, C-terminus AAHAGL) and subunit B (607 amino acids, N-terminus MSNTIQ)
and the fusion is located at position 524/525 of the alignment. The sequences were aligned
with Clustal Omega™ and edited with Espript 3.0.*° Positions with 100% identical amino
acids in all aligned proteins are shaded in red, whereas positions in which amino acids are
found in at least 70% of the aligned proteins are marked in yellow. Mutations described in this
study are marked with a green star. The secondary structure shown above the alignment is
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based on a model of C. glutamicum PCx, which was constructed with SWISS-MODEL"
using the PCx structure of S. aureus as template (PDB: 3bg5). Additionally, the consensus
sequence is shown beneath the alignment, based on an amino acid identity for >70% of the
aligned PCx sequences. Uppercase letters indicate an identity of 100%, lowercase letters
represent conservation in >50% of the aligned sequences. “!” stands for either isoleucine or
valine, “$” for leucine or methionine, “%” for phenylalanine or tyrosine, and “#” for
asparagine, aspartic acid, glutamine, or glutamic acid. Predicted secondary structures are
marked as follows: helices represent a-helices, the symbol 1 refers to a 3j¢-helix, arrows
represent B-strands, “TT” indicates strict B-turns, and “TTT” strict a-turns.
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Abstract

Pyruvate carboxylase of Corynebacterium glutamicum serves as anaplerotic enzyme when cells are growing on carbohydrates
and plays an important role in the industrial production of metabolites derived from the tricarboxylic acid cycle, such as L-
ghutamate or L-lysine. Previous studies suggested that the enzyme from C. glutamicum is very labile, as activity could only be
measured in permeabilized cells, but not in cell-free extracts. In this study, we established conditions allowing activity measure-
ments in cell-free extracts of C. glutamicum and purification of the enzyme by avidin affinity chromatography and gel filtration.
Using a coupled enzymatic assay with malate dehydrogenase, V.. values between 20 and 25 pumol min ! mgfl were measured
for purified pyruvate carboxylase corresponding to turnover numbers of 160 — 200 s~ for the tetrameric enzyme. The concen-
tration dependency for pyruvate and ATP followed Michaelis-Menten kinetics with K, values of 3.76 +0.72 mM and 0.61 +£0.13
mM, respectively. For bicarbonate, concentrations >5 mM were required to obtain activity and half-maximal rates were found at
13.25 +4.88 mM. ADP and aspartate inhibited PCx activity with apparent K; values of 1.5 mM and 9.3 mM, respectively. Acetyl-
CoA had a weak inhibitory effect, but only at low concentrations up to 50 pM. The results presented here enable further detailed
biochemical and structural studies of this enzyme.

Keywords Pyruvate carboxylase - Corvnebacterium glutamicum - Anaplerotic reactions - Enzyme purification - Enzyme assay -
Enzyme kinetics - Kinetic parameters - Inhibitors

Introduction Whereas PEPCx encoded by the ppe gene was shown to be

dispensable for lysine production (Gubler et al. 1994; Peters-

Strains of the Gram-positive soil bacterium Corynebacterium
glutamicum are important microbial cell factories for the in-
dustrial production of amino acids, major products being L-
glutamate and L-lysine (Becker and Wittmann 2012; Eggeling
and Bott 2015; Wendisch et al. 2016). For the sugar-based
overproduction of these amino acids and a variety of other
metabolites derived from the tricarboxylic acid (TCA) cycle,
anaplerotic reactions replenishing oxaloacetate by carboxyla-
tion of either phosphoenolpyruvate or pyruvate are essential.
C. glutamicum possesses both phosphoenolpyruvate carbox-
ylase (PEPCx) and pyruvate carboxylase (PCx) (for review,
see Sauer and Eikmanns 2005)
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m.bott @ fz-juelich.de

IBG-1: Biotechnology, Institute of Bio- and Geosciences,
Forschungszentrum Jiilich, 52425 Jiilich, Germany

Published online; 25 June 2019

Wendisch et al. 1993), deletion of the pyc gene encoding PCx
caused a strong decrease in lysine production and—vice
versa—pyc overexpression increased the synthesis of this ami-
no acid (Peters-Wendisch et al. 2001). Tween 60-induced glu-
tamate production was also lowered upon pyve deletion and
increased by pye overexpression (Peters-Wendisch et al.
2001). PCx was shown to be important for growth on lactate,
and absence of both PCx and PEPCx led to the inability to grow
in glucose minimal medium, indicating the absence of further
anaplerotic enzymes for growth on carbohydrates (Peters-
Wendisch et al. 1998). A "C-based carbon flux study by
NMR revealed that both PEPCx and PCx were active in cells
growing with glucose, but PCx was calculated to contribute
about 90% of the C; carboxylation flux (Petersen et al. 2000).

Whereas in an early study describing PEPCx activity in cell-
free extracts of C. glutamicum subspecies flavum PCx could not
be detected (Ozaki and Shiio 1969), the simultaneous presence
of PEPCx activity and PCx activity was later found in cell-free
extracts of C. glutamicum subspecies lactofermentum (Tosaka
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et al. 1979). In this study, PCx was shown to be inhibited by
avidin and independent of acetyl-CoA (Tosaka et al. 1979).
However, subsequent attempts to detect PCx activity in cell
extracts of C. glutamicum failed (Cocaign-Bousquet et al.
1996; Cocaign-Bousquet and Lindley 1995; Gubler et al.
1994; Jetten et al. 1994; Peters-Wendisch et al. 1993). Only
the use of cells permeabilized with CTAB (N-cetyl-N,N,N-
trimethylammonium bromide) allowed reliable measurement
of PCx activity using a discontinuous glutamate-oxaloacetate
transaminase-coupled assay (Peters-Wendisch et al. 1997) or,
alternatively, a discontinuous assay measuring the remaining
pyruvate by NADH-dependent conversion to lactate with lac-
tate dehydrogenase (Koffas et al. 2002; Uy et al. 1999).

C. glutamicum PCx, encoded by the pyc gene, is a biotin-
dependent enzyme composed of 1140 amino acids (123 kDa)
(Koffas et al. 1998; Peters-Wendisch et al. 1998). Based on its
sequence similarity to other PCx enzymes with known crystal
structure (Jitrapakdee et al. 2008; St Maurice et al. 2007), it is
presumed to form a homotetramer with each monomer com-
posed of four domains, an N-terminal biotin carboxylase do-
main (BC), a central carboxyl transferase domain (CT), a C-
terminal biotin carboxyl carrier protein (BCCP), and a protein
tetramerization domain (PT) composed of two amino acid
stretches located between the BC and CT domains and between
the CT and BCCP domains (Kortmann et al. 2019). PCx activ-
ity involves two partial reactions: first, the BC domain catalyzes
the ATP-dependent carboxylation of biotin linked covalently to
K% within the BCCP domain of C. glutamicum PCx; then the
CT domain transfers the activated CO, group from
carboxybiotin to pyruvate forming oxaloacetate. Cryo-
electron microscopy of the tetrameric PCx of Staphylococcus
aureus revealed the structural transitions that are accompanied
with the catalysis of the two partial reactions (Lasso et al. 2014).

The inability to measure PCx activity in cell-free extracts of
C. glutamicum, except for the very first report (Tosaka et al.
1979), suggested that the enzyme is very labile and becomes
rapidly inactive upon cell disruption. Alternatively, a metabo-
lite essential for PCx activity might be lost during the

Table 1 Bacterial strains and plasmids used in this study

preparation of the extracts. As PCx activity measurements
with permeabilized cells require the presence of a detergent
and might include interfering enzymatic activities, this study
aimed at finding experimental conditions allowing the mea-
surement of PCx activity in C. glutamicum cell extracts, puri-
fication of the enzyme in its active state, and determination of
the kinetic parameters with the purified enzyme.

Methods
Bacterial strains and cultivation conditions

All bacterial strains and plasmids used in this study are listed
in Table 1. For cloning procedures, Escherichia coli DH5x
was used. The strain was grown at 37 °C in LB medium
(Bertani 1951) supplemented with kanamycin (50 mg .
The strain C. glutamicum DM1868Apyc, transformed with
the plasmid pANG6-pyc (Kortmann et al. 2019), was used for
overproduction of the C. glutamicum PCx protein. For that
purpose, a colony from a fresh BHI agar plate was used to
inoculate 10-ml brain heart infusion (BHI) medium (Difco
Laboratories, Detroit, MI, USA) with kanamycin (25 mg 17"
in a 100-ml shaking flask with baffles and the culture was
incubated at 130 rpm and 30 °C for 8 h. Cells of this first
preculture were washed with 0.9% (wt/vol) NaCl and used
to inoculate a second preculture in 50 ml CGXII medium
(Keilhauer et al. 1993) containing glucose (40 g I'') and
protocatechuate (0.03 g I') to an optical density of 0.5 at
600 nm (ODgqp). This preculture was incubated for 16 h at
30 °C and 120 rpm in a 500-ml shaking flask with baffles.
Afterwards, the cells were washed with 0.9% (wt/vol) NaCl
and used to inoculate 500 ml CGXII medium with glucose
20 g ") and protocatechuate (0.03 g ™Y to an ODgq of 1.
This culture was incubated at 30 °C and 100 rpm in a 2-1
shaking flask with baftles. The expression of the pyc gene
was induced by addition of 1 mM isopropyl (3-D-1-thio-
galactopyranoside (IPTG) at an ODgq of 2 and the cultures

Strain or plasmid Relevant characteristics

Reference

Strains
E. coli DHSx

Strain used for cloning procedures; F~ @80/lacZ AM15 A(lacZYA-argF)

(Hanahan 1983)

U169 recAl endAl hsdR17(tk™, mk™) phoA supE44 thi-1 gyrA96 relA1 X\~

C. glutamicum ATCC13032
C. glutamicum DM1868

Biotin-auxotrophic wild type

ATCC13032 with a point mutation in /ysC (cg0306) resulting in lysC >

(Abe et al. 1967)
Evonik Industries AG

(feedback-resistant aspartate kinase)

C. glutamicum DM1868Apyc

DM1868 with a deletion of the pyc gene (cg0791)
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(Frunzke et al. 2008)
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pAN6 Kan®; C. glutamicum/E. coli shuttle vector for regulated gene expression
using Py, (P lacI? pBL1 0riV¢, pUCIS 0riV,)

pAN6-pyc Kan®; pAN6 derivative for expression of pyc (cg0791) under control of P,

(Kortmann et al. 2019)
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were incubated for another approx. 5 h until they reached an
ODgoo of 7. Afterwards, cells were harvested by centrifugation
(4 °C, 10 min, 6000g), resuspended in 200 ml PCx buffer
(50 mM Tris-HCI, pH 7.2, 1 M KCl, 0.278 M myo-inositol,
5 mM MgCl,, 2 mM DTT), and centrifuged at 4 °C for 15 min
at 5000g. The cell pellets were stored at — 80 °C until use.

Preparation of cell-free extracts and purification
of pyruvate carboxylase

For the purification of PCx from C. glutamicum, PCx buffer
(described above) was supplemented with cOmplete™
ULTRA Protease Inhibitor Cocktail (Roche Diagnostics,
Mannheim, Germany) for all steps described in the following
chapter. Cell pellets of C. glutamicum DM1868Apyc carrying
PANG6-pyc were thawed on ice and resuspended in PCx buffer
to obtain a concentration of about 0.3 mg wet cells per milli-
liter. Cells were disrupted by five passages through a HTU-
Digi French Press (G. Heinemann, Schwaebisch Gmuend,
Germany). After removal of intact cells and cell debris by
centrifugation (4 °C, 20 min, 5100g), the cell extract was
subjected to ultracentrifugation (4 °C, 1 h, 100,000g) to sed-
iment membranes. The resulting supernatant was used as cell-
free extract for PCx activity measurements and for PCx
purification.

For the purification of PCx, the cell-free extract was sup-
plemented with 3 mM ATP, 10 mM pyruvate, and 10 mM
KHCO; to improve the accessibility of protein-bound biotin
(Purcell and Wallace 1996). The biotinylated proteins were
then purified by affinity chromatography with monomeric
avidin-agarose (PierceTM Thermo Scientific, Waltham, MA,
USA) using a column with 2-ml bed volume. Before use, the
avidin agarose was regenerated by washing with 0.1 M gly-
cine, pH 2.8, and then equilibrated with PCx buffer. The cell-
free extract was passed twice through the column, which sub-
sequently was washed with 14 ml PCx buffer to remove un-
bound proteins. To elute bound proteins, 4 ml PCx buffer
supplemented with 4 mM D-biotin was added to the avidin
agarose column and the column was incubated in the elution
buffer for 30 min at 4 °C. Afterwards, the eluate was collected
and concentrated 10-fold with Amicon® Ultra Centrifugal
Filters (30 kDa cutoff) as described by the manufacturer
(Merck Millipore, Darmstadt, Germany). The concentrated
eluate (0.4 ml) was used for size exclusion chromatography
and loaded onto a Superdex 200 Increase 10/300 GL column
integrated into an Akta Pure™ system (GE Healthcare Bio-
Sciences, Uppsala, Sweden) and equilibrated with PCx buffer.
Elution was performed with PCx buffer at flow rate of 0.5 ml
min ' and monitored by following the absorption at 280 nm.
PCx-containing fractions were pooled and directly used fur-
ther. Protein concentrations were determined with the
Bradford assay (Bradford 1976) using an Infinite M1000Pro
plate reader (Tecan, Minnedorf, Switzerland) and a

commercial staining solution (AppliChem GmbH,
Darmstadt, Germany).

Measurement of PCx activity

PCx activity was measured using a coupled enzyme assay
with malate dehydrogenase, which catalyzes the NADH-
dependent reduction of oxaloacetate formed by PCx to malate
(Milrad de Forchetti and Cazzulo 1976). The oxidation of
NADH was followed spectrophotometrically at 340 nm with
an Ultrospec™ 2100 Pro UV spectrophotometer (GE
Healthcare, Freiburg, Germany). PCx activity was assayed at
30°Cin 1 ml 50 mM Tris-HCl buffer pH 7.2 containing 8 mM
MgCl,, 40 mM KHCO;, 6 mM ATP, 0.2 mM NADH, 1 U/ml
malate dehydrogenase from porcine heart (Sigma, St. Louis,
MO, USA), and 0.5 to 5 pg protein (cell-free extract or puri-
fied PCx). After preincubation for 1 min to determine the
background rate of NADH oxidation in the absence of PCx
activity, the reaction was started by adding 20 mM sodium
pyruvate. The decrease in absorbance at 340 nm was mea-
sured for 2 min and corrected for NADH oxidation in the
absence of pyruvate. An extinction coefficient of 6.2 mM '
em ' at 340 nm was used for NADH in the calculation of
reaction rates. For the determination of K,,, values, the concen-
trations of pyruvate, ATP, or KHCOj; were varied, whereas all
other substrates were held constant at saturating concentra-
tions. To test the effects of ADP, aspartate, and acetyl-CoA
on PCx activity, different concentrations of these metabolites
were added to the assay mixture. One unit (U) of PCx activity
is defined as 1 pmol of NADH oxidized per minute.

K,, and V., values were determined with a non-linear
regression fit using the OriginPro 8.5 software (OriginLab,
Northampton, MA, USA). A plot of velocity (v) vs. varying
substrate concentration (S) was fitted to the Hill equation:

(")
V= Vi m (1)

When the Hill coefficient 7 is set to 1, Eq. 1 is equal to
Michaelis-Menten equation, which was used for the determi-
nation of K, and V., values for pyruvate and ATP. For the
calculation of half maximal inhibition, a dose response curve
was used to fit a plot of velocity (v) vs. varying inhibitor

concentrations (/) with the following equation:

T-B

v=5+ 14+ lologlofl*p

(2)

T is the maximal velocity observed in the absence of an
inhibitor, B is the minimal velocity observed at high inhibitor
concentrations, log /; is the center point of the S-shaped curve
halfway between T and B, and p is the Hill slope.
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Protein analysis by SDS-PAGE and streptavidin gel
shift assay

The purification of PCx was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli 1970). A trichloroacetic acid precipitation of all
samples to be analyzed by SDS-PAGE was performed in ad-
vance. For this purpose, 1 volume of sample was mixed with
1/4 volume of ice-cold 100% (wt/vol) trichloroacetic and in-
cubated at 4 °C for 10 min. Afterwards, the sample was cen-
trifuged for 15 min at 15,000g and 4 °C. The supernatant was
removed and the pellet was washed twice with 200 pl ice-cold
acetone. After centrifugation for 15 min at 15,000g and 4 °C,
the pellet was dried at 95 °C for 5 min and dissolved in H,O to
a concentration of 0.1 mg protein per milliliter. Finally, the
samples were mixed with an appropriate volume of 5% sample
buffer (250 mM Tris-HCI, pH 6.8, 5% (wt/vol) SDS, 250 mM
DTT, 0.5% (wt/vol) bromophenol blue, 50% (vol/vol) glycer-
in) and incubated for 5 min at 95 °C. A volume corresponding
to 1.5 pg protein was loaded onto the gel (4% stacking gel, 8%
separating gel). After electrophoresis at 140 V, the gel was
stained with GelCode™ Blue Stain Reagent (Thermo
Scientific, Waltham, MA, USA).

To quantify the extent of PCx biotinylation, a streptavidin
gel shift assay with the purified enzyme was performed as
described (Fairhead and Howarth 2015). As mentioned above,
TCA precipitation of protein samples was performed prior to
SDS-PAGE. The protein pellet containing 6 pg purified PCx
was dissolved in 5 ul H,O and mixed with a 4-fold molar
excess of streptavidin (AppliChem GmbH, Darmstadt,
Germany). As a negative control, a PCx sample was treated
exactly the same way as described above, but streptavidin was
replaced by water. The samples were subjected to SDS-PAGE
(4% stacking gel, 8% separating gel) at 120 V. To avoid
warming of the gel, the electrophoresis chamber was placed
in an ice bath.

Results

Identification of conditions allowing measurement
of C. glutamicum PCx activity in cell-free extracts

PCx is an important anaplerotic enzyme in C. glutamicum.
However, in almost all studies on PCx of C. glutamicum pub-
lished until now, enzyme activity could only be measured in
permeabilized cells, but not in cell-free extracts, indicating that
the enzyme is very labile. In order to characterize the enzyme in
the purified form, we searched for conditions that might stabi-
lize it in an active state. For this purpose, we used strain
C. glutamicum DM1868Apyc carrying the expression plasmid
PANG6-pyc, which allows IPTG-inducible overexpression of the
pyc gene. Based on a study reporting the purification and
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characterization of a PCx enzyme of Mycobacterium
smegmatis (Mukhopadhyay and Purwantini 2000), which
shows 65% amino acid sequence identity to C. glutamicum
PCx, we prepared cell extracts using a PCx buffer composed
of 50 mM Tris-HCI pH 7.2, 5 mM MgCl,, 2 mM DTT,
0.278 M myo-inositol, and 1 M KCIl. Myo-inositol had been
reported to stabilize PCx activity and the high KCI concentra-
tion improved purification of PCx from M. smegmatis by avidin
affinity chromatography (Mukhopadhyay and Purwantini
2000). For the determination of PCx activity in
C. glutamicum, a coupled enzymatic assay with malate dehy-
drogenase was used (Milrad de Forchetti and Cazzulo 1976).

After cell disruption, intact cells and cell debris were
removed by low-speed centrifugation and membranes by
ultracentrifugation. The resulting cell-free extract was
used for the enzymatic assay. Indeed, a specific PCx ac-
tivity 0f 0.17 + 0.02 pumol min~' (mg protein) ' was mea-
sured for C. glutamicum DM1868Apyc/pAN6-pyc, indi-
cating that the buffer conditions used were able to stabi-
lize C. glutamicum PCx. In a control experiment with
cell-free extract of the negative control strain
C. glutamicum DM1868Apyc/pAN6, no PCx activity
was detectable. The PCx activity was strictly dependent
on the presence of ATP, bicarbonate (supplied as
KHCO;), Mg>* (supplied as MgCl,), and pyruvate (data
not shown). Without NADH, no activity was detectable.
In the absence of malate dehydrogenase from porcine
heart, 41% of the PCx activity of the complete assay mix-
ture could still be measured, which is due to the endoge-
nous malate dehydrogenase of C. glutamicum (Molenaar
et al. 2000) present in the cell-free extracts.

Purification of PCx from C. glutamicum

The cell-free extract of strain C. glutamicum
DM1868Apyc/pAN6-pyc was used for affinity chromatog-
raphy with monomeric avidin agarose to specifically pu-
rify biotinylated proteins. After washing the column with
PCx buffer, biotinylated proteins were eluted with PCx
buffer supplemented with 4 mM D-biotin and the
protein-containing elution fractions were analyzed by
SDS-PAGE and Coomassie straining. Two protein bands
were detected, a dominant one with an apparent mass of
about 125 kDa and a minor one with an apparent mass of
about 65 kDa (Fig. la), which corresponded to PCx
(Cg0791, calculated mass 123.3 kDa with biotin) and to
the biotin-containing «-subunit of acetyl-CoA/propionyl-
CoA carboxylase (AccBC, Cg0802, calculated mass
63.6 kDa with biotin), respectively (Jager et al. 1996;
Peters-Wendisch et al. 1998).

To purify PCx to homogeneity and get rid of AccBC,
size exclusion chromatography was performed in a next
step. For this purpose, the eluate of the avidin affinity
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Fig. 1 Purification of PCx from C. glutamicum. & Coomassie-stained
SDS-polyacrylamide gel showing the elution fraction of the avidin aga-
rose affinity chromatography (lane 1) and the PCx fraction collected
during size-exclusion chromatography (lane 2). Lane M contains
Precision Plus Protein™ All Blue Prestained Protein Standard (Bio-Rad

chromatography was concentrated to a total volume of
about 0.4 ml and then subjected to gel filtration using a
Superdex 200 TIncrease 10/300 GL column (GE
Healthcare) and PCx buffer. PCx eluted as a sharp peak
before AccBC (Fig. 1b). Because of some overlap, the
collection of the PCx peak was terminated prematurely
to avoid contamination with AceBC. As shown by SDS-
PAGE, the collected fraction contained a single protein
band with an apparent size of about 125 kDa (Fig. 1a),
whose identity as PCx was confirmed by peptide mass
fingerprinting (data not shown). From a 500-ml culture
of C. glutamicum DMI1868Apyc/pANG-pyc, about
0.5 mg purified PCx was obtained.

Estimation of the extent of biotinylation of purified
PCx from C. glutamicum

To determine the extent of biotinylation of purified PCx, a
streptavidin gel shift assay was performed, which is based
on the observation that streptavidin (monomeric form 16.81
kDa) will retain its native tetramer structure (67.24 kDa) and
remain bound to biotin conjugates during SDS-PAGE if the
gel does not get excessively warm during electrophoresis
(Fairhead and Howarth 2015). Purified PCx from
C. glutamicum was denatured by incubation for 5 min at 95
°C to obtain monomeric PCx, mixed with a 4-fold molar ex-
cess of streptavidin (apparent mass after SDS-PAGE approx.
60 kDa; calculated mass 75.34 kDa) and separated by SDS-
PAGE. As controls, PCx alone and streptavidin alone were
loaded next to the mixed sample. As shown in Fig. 2, incuba-
tion of PCx with streptavidin caused a shift of the band from
125 kDa to about 150 kDa and only a very small fraction of
about 5% appeared not be shifted. This indicated that the vast
majority of purified PCx was biotinylated.

mAU (280 nm)

1751 PCx fraction
1501 PCx collected
N

125-
100
754
504

AccBC
254

o N W
0 4 8 12 16 20 24 mil

Laboratories, Hercules, California, USA). b Chromatogram of the size
exclusion chromatography of the concentrated elution fraction of avidin-
agarose chromatography. Peaks representing PCx and AccBC are indi-
cated. The PCx fraction collected for biochemical studies is marked in
grey. mAU, absorbance units at 280 nm

Kinetic parameters of purified PCx of C. glutamicum

The kinetic parameters of purified PCx from
C. glutamicum were measured using the coupled enzy-
matic assay with malate dehydrogenase immediately after
the purification. The activity remained stable over several
hours as checked by measurements at the start and at the
end of an assay series. However, storage of the purified
PCx overnight at 4 °C or at — 20 °C caused a complete
inactivation of the enzyme. Therefore, all enzyme activity
measurements had to be performed on the same day as
PCx was purified. In initial experiments with the complete

kDa

250—

150— 4 PCx + Streptavidin (176 kDa)

4 PCx (123 kDa)
100—
75— 4 Streptavidin (53 kDa)
50—

37—

TR LE

Fig. 2 Quantification of PCx biotinylation by a streptavidin gel shift
assay. Lane 1 contains 15 pg streptavidin, lane 2 contains 6 pg PCx,
and lane 3 a mixture of 6 pg PCx and 12 pg streptavidin. Before
electrophoresis, the PCx-streptavidin mixture was incubated for 5 min
at room temperature to enable the binding of streptavidin to biotin of
PCx. The samples were separated by SDS-PAGE at 120 V with the
electrophoresis chamber cooled in an ice bath, Subsequently, the gel
was stained with GelCode™ Blue Stain Reagent (Thermo Scientific,
Waltham, MA, USA) and scanned with a Typhoon scanner (GE
Healthcare). Precision Plus Protein™ All Blue Prestained Protein
Standard (Bio-Rad Laboratories, Hercules, California, US) was used to
estimate the apparent molecular mass of the proteins
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assay mixture, specific activities between 20 and 25 pmol
min~' (mg protein) ' were determined for purified PCx
preparations, corresponding to a 118-fold to 147-fold en-
richment compared to the cell-free extract. The turnover
number calculated for a PCx monomer is 41-51 s '.
Control experiments in which individual components
were omitted from the assay mixture confirmed that PCx
activity was dependent on the presence of pyruvate, ATP,
bicarbonate, Mg®*, NADH, and malate dehydrogenase.
The fact that no activity of purified PCx was found with-
out the addition of malate dehydrogenase to the assay
mixture confirmed that the residual activity observed in
cell-free extracts was due to the endogenous malate dehy-
drogenase activity of C. glutamicum.

For the determination of the K,, values for the sub-
strates pyruvate, ATP, and bicarbonate, the concentrations
in the assay mixture were varied from 0 to 20 mM for
pyruvate, from 0 to 6 mM for ATP, and from 0 to S0 mM
for KHCOs. Plots of initial velocities vs. substrate con-
centrations are shown in Fig. 3. In the case of pyruvate,
the data could be fitted with non-linear regression to
Michaelis-Menten kinetics resulting in a K, value of
3.76 £ 0.71 mM and a V., of 24.89 £ 2.54 pmol
min ! (mg protein)f1 (Fig. 3a). For ATP, a K,, of 0.61 +
0.13 mM and a V,,, of 19.05 + 1.93 pumol min" (mg
protein) ! were determined (Fig. 3b). The dependency of
PCx activity for the bicarbonate concentration did not
follow Michaelis-Menten kinetics (Fig. 3c). No activity
was observed at KHCOj3 concentrations below 5 mM.
When the data were fitted to the Hill equation, a K, of
13.25 + 4.88 mM and a V,,, of 20.88 + 1.62 pmol min~"
(mg protein) ' were calculated. The Hill coefficient was
determined as n = 4.3, indicating positive cooperativity
towards bicarbonate.

Influence of effector molecules on the activity
of purified PCx of C. glutamicum

Previous studies with permeabilized cells had shown that
ADP, acetyl-CoA, and aspartate inhibited PCx activity
(Koffas et al. 2002; Peters-Wendisch et al. 1997). We now
tested the effects of these metabolites on purified PCx. ADP
inhibited PCx activity (100% corresponded to 20.77 +
2.34 umol min~' (mg protein) ") and fitting of the data to
a dose-response equation resulted in an apparent K; of
1.5 mM (Fig. 4a). Complete inhibition of PCx activity was
observed at 10-20 mM ADP. Acetyl-CoA usually acts as an
activator of PCx enzymes of the a4 type (Adina-Zada et al.
2012), but in previous studies with permeabilized cells,
acetyl-CoA was found to act as inhibitor of PCx of
C. glutamicum with a K; of 110 uM (Peters-Wendisch
et al. 1997). In our studies with the purified enzyme,
acetyl-CoA at concentrations below 50 uM had a slightly
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Fig. 3 Activity of purified PCx from C. glutamicum at different
concentrations of the substrates pyruvate (), ATP (b), and HCO;3™ (c).
Dashed lines indicate the fit to the Hill equation with fixed n = 1 for
pyruvate and ATP, whereas n was not fixed for HCO; . Mean values
and standard deviations of at least three independent enzyme
preparations are shown

inhibitory effect, reducing PCx activity by 20% at most,
whereas higher acetyl-CoA concentrations were less
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inhibitory (Fig. 4b). In the case of aspartate, an apparent K
ot 9.3 mM was calculated and complete inhibition was ob-
tained at concentrations above 20 mM (Fig. 4c).
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Fig. 4 Influence of ADP, acetyl-CoA, and L-aspartate on the activity of
purified PCx of C. glutamicum. Activity was measured using the standard
assay mixture supplemented with the indicated concentrations of ADP,
aspartate, and acetyl-CoA. The activities were plotted as percentage of
PCx activity measured in the absence of these metabolites, which was set
as 100%. Mean values of at least three independent enzyme preparations
with standard deviations are shown

Discussion

PCx is an important anaplerotic enzyme for the sugar-based
production of amino acids like L-lysine and L-glutamate with
C. glutamicum. In previous studies, PCx activity could only
be detected in permeabilized cells, but not in cell-free extracts
of C. glutamicum (Koftas et al. 2002; Peters-Wendisch et al.
1997; Uy etal. 1999). In this study, we identified experimental
conditions allowing the measurement of PCx activity in cell-
free extracts of C. glutamicum and report on the purification
and characterization of PCx from C. glutamicum.

In general, two types of PCx enzymes have been described,
those with an o34 quaternary structure, where the o subunits
contain the BC domain, while the 3 subunits contain the CT
and BCCP domains, and those with an o, quaternary struc-
ture. The o&4f4-type PCs are found in archaea, such as
Methanobacterium thermoautotrophicum (Mukhopadhyay
et al. 1998), but also in some bacteria, such as Pseudomonas
aeruginosa (Lai et al. 2006). The oy-type PCs are more com-
mon and have been found in fungi, invertebrates, vertebrates,
and most bacteria, including C. glutamicum (Adina-Zada et al.
2012). They are composed of four identical subunits having a
size of 120-130 kDa and the tetrameric structure is essential
for activity, as the BC domain carboxylates the biotin group of
the BCCP domain of the same subunit, but the activated CO;
is used by the CT domain of the neighboring subunit to car-
boxylate pyruvate to oxaloacetate (Lasso et al. 2014).

The failure to measure PCx activity in cell-free extracts of
C. glutamicum could be due to an intrinsic lability of the
enzyme, causing dissociation and thus inactivation upon cell
disruption. In this study, we used a buffer containing 0.278 M
myo-inositol and 1 M KCl. Similar conditions had previously
been used to purify PCx of Methanobacterium
thermoautotrophicum (Mukhopadhyay et al. 1998) and
Mycobacterium smegmatis (Mukhopadhyay and Purwantini
2000), where the inclusion of myo-inositol was crucial to ob-
tain active protein. Myo-inositol was reported to promote the
thermal and structural stability of different proteins, as shown
by an increase of the melting temperature (Ortbauer and Popp
2008). The positive impact of high salt concentrations on en-
zyme stability or activity was shown for various enzymes, like
PCx from M. thermoautotrophicum (Mukhopadhyay et al.
1998) or mammalian adipocyte lipid-binding protein
(Schoeffler et al. 2003). A high KCI concentration was also
reported to be important to obtain good yield and purity of
PCx after avidin affinity chromatography (Mukhopadhyay
etal. 1998). Since avidin has a p/ of about 10.5, it is positively
charged at the lower pH values used for affinity chromatogra-
phy, allowing negatively charged proteins in the cell extracts
to bind unspecifically to the avidin matrix. High concentra-
tions of K™ probably help to avoid this unspecific binding.

When using the buffer with myo-inositol and KCl, a specific
PCx activity of 170 nmol min ' (mg protein) ' was measured
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in cell-free extracts of glucose-grown C. glutamicum
DM1868Apyc/pAN6-pyc, which is comparable to the value
obtained with permeabilized cells for a strain overexpressing
the pyc gene (Peters-Wendisch et al. 1998). The eluate obtained
after avidin-agarose affinity chromatography of cell-free extract
of C. glutamicum DM 1868 Apyc/pANG6-pyc contained only the
two known biotinylated proteins present in this organism, PCx
and AccBC, confirming that the experimental conditions
prevented unspecific binding of proteins to the avidin matrix.
The AccBC protein could be separated from PCx by gel filtra-
tion, leading to a highly pure PCx preparation from
C. glutamicum (Fig. 1). Unfortunately, the activity of this PCx
preparation was lost after incubation overnight at 4 °C or at — 20
°C, supporting the assumed lability of the protein. Further stud-
ies are required to identify conditions allowing long-term sta-
bility of PCx activity. Purified PCx of C. glutamicum revealed a
specific activity of 2025 umol min~' (mg protein) ' corre-
sponding to turnover numbers of 160-200 s~ for the tetrameric
enzyme. For purified PCx of M. smegmatis, specific activities
up to 150 pmol min ' (mg protein) ' were reported, but these
were measured at 45 °C and not at 30 °C as in our experiments
with PCx of C. glutamicum.

The apparent K,,, value determined for pyruvate (3.76 mM)
with purified PCx of C. glutamicum was about 3-fold higher
than the apparent K,,, value measured with permeabilized cells
(1.3 mM). This discrepancy is presumably caused by the dif-
ferent experimental conditions used in these determinations.
The K, values for pyruvate reported for PCx enzymes of other
organisms are typically lower with values around or below
0.5 mM (Table 2). A possible explanation for the high K,
value of C. glutamicum PCx could be that the pyruvate dehy-
drogenase complex of this species, which forms a unique
supercomplex with 2-oxoglutarate dehydrogenase (Niebisch
et al. 2006), was reported to have a K, value of 1.7 mM for
pyruvate (Schreiner et al. 2005). As pyruvate dehydrogenase
competes with PCx for the substrate, a higher affinity of PCx
for pyruvate might have negative consequences for carbon
metabolism. The apparent K,,, value of purified PCx for ATP

(0.61 mM) was also about 3-fold higher than the K, measured
with permeabilized cells, but is within the range reported for
PCx enzymes of other species (Table 2) and within the range
of the intracellular ATP concentration (Bennett et al. 2009). In
contrast to pyruvate and ATP, the concentration dependency
of purified PCx for HCO5 ™ did not follow Michaelis-Menten
kinetics, but showed an allosteric behavior with half-maximal
activity at 13 mM HCO; . An allosteric behavior was also
reported for PCx of M. thermoautotrophicum
(Mukhopadhyay et al. 1998). PEPCx of C. glutamicum was
reported to have a K,,, value of 2.8 mM for HCO; (Chen et al.
2014) and it might be speculated that PEPCx is more impor-
tant at low bicarbonate concentrations and PCx at higher bi-
carbonate concentrations.

Purified PCx of C. glutamicum was inhibited by ADP and
aspartate with apparent K; values of 1.5 mM and 9.3 mM,
respectively. These values are in good agreement with the
ones measured with permeabilized cells, which were
2.6 mM for ADP (Peters-Wendisch et al. 1997) and about
10 mM for aspartate (Koffas et al. 2002). Acetyl-CoA usually
acts as an allosteric activator of PCx enzymes of the o4-type
(Adina-Zada et al. 2012), but was reported to be an inhibitor of
PCx of C. glutamicum with a K; of 110 uM (Peters-Wendisch
et al. 1997). In our studies with purified PCx, an unusual
response towards acetyl-CoA was observed, with maximally
20% inhibition at about 50 uM acetyl-CoA and less inhibition
at higher concentrations. An explanation for this behavior and
the difference between the results with permeabilized cells and
purified PCx cannot be provided.

In a previous study, we employed the genetically encoded
lysine biosensor pSenLys to identify PCx variants that enabled
an increased lysine production from glucose (Kortmann et al.
2019). These PCx variants contained the amino acid ex-
changes T132A, T343A, and 11012S. In order to get hints
on the effects of these mutations, we performed a number of
preliminary studies. We purified the variants PCx" 324,
PCx™*4, and PCx''"*® as described above for wild-type
PCx using C. glutamicum DM1868 Apyc transformed with

Table 2 Subunit composition and K, values of PCx enzymes from different organisms
Species PCx K, (mM) K,, (mM) K, (mM) Reference

type Pyruvate ATP HCO;~
C. glutamicum oy 376 £0.71 0.61£0.13  13.3+£49 This study
C. glutamicum (permeabilized cells) oy 1.3 0.2 n.d. (Peters-Wendisch et al. 1997)
Rhizobium etli oy 0.15+0.01 0.15+0.01 10.8+04 (Zeczycki et al. 2011)
Mycobacterium smegmatis PCx1 (MSMEG 2412) oy 0.3 +0.04 126+024 3+0.5 (Mukhopadhyay and Purwantini 2000)
Saccharomyces cerevisiae PCx1 Xy 0.50 £0.06 0.07 £0.01 1.36 £0.12  (Jitrapakdee et al. 2007)
Saccharomyces cerevisiae PCx2 Xy 0.17+0.02 0.79+0.04 21.5+18 (Jitrapakdee et al. 2007)
Methanobacterium thermoautotrophicum a4Bs  0.5+0.026 25+043 53+0.59 (Mukhopadhyay et al. 1998)
Methanococcus jannaschii x4Bs4  0.53£0.002 037+0.04 0.22+0.00 (Mukhopadhyay et al. 2000)
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the expression plasmids pAN6-pyc , pPANG6-pyc ,and
PANG6-pyc''?'?5, respectively. With around 20 pmol min '
(mg protein) ', the specific activity of the purified PCx vari-
ants was in a similar range as that of wild-type PCx. The
influence of ADP and acetyl-CoA on the three PCx variants
was comparable to wild-type PCx. In the case of aspartate, the
PCx"'?5 variant showed a similar inhibition as wild-type
PCx, but PCx"'*** and PCx™** displayed a different pat-
tern. These variants appeared to be less sensitive to aspartate at
low concentrations, as their activity was not inhibited up to
7.5 mM aspartate. The apparent K; values were 13.16 mM for
PCx ¥ and 10.80 mM for PCx"**** and thus higher com-
pared to wild-type PCx with an apparent K; value of 8.94 mM
aspartate. Full inhibition was observed with S0 mM aspartate
for all mutated PCx variants. These results, although prelimi-
nary, suggest that the positive effects of PCx"'*** and
PCx"*** on lysine production might be due at least in part
to a reduced inhibition of activity by aspartate.

In summary, our study has revealed conditions allowing the
measurement of PCx activity in cell-free extracts of
C. glutamicum and purification of the enzyme in an active
form. This provides the basis for more detailed analysis of
the biochemical and structural properties of this enzyme and
mutated variants.
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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 P.c, 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 lac/ under the control of
its native promoter, lacZa, and T7 gene 1, the latter two under the control of the lacUV5 pro-
moter, including three Lacl 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 MBO001(DE3). In strain MB0OO1, 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 Il 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 uM IPTG, which is far below the previously added
standard quantity of 1 mM used e.g. for pPEKEx2-based expression. Moreover, the results also
showed that P17 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 Py, 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 MgCl, 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 (Santamaria 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; Santamaria et al., 1984). To investigate the influence of both origins on the expres-
sion level, the expression cassette of the pEKEXx2 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 pMKEXx2.

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 Lacl, blocking both, the expression of the lacUV5 promoter, which is re-
sponsible for the expression of chromosomally encoded T7 RNA polymerase, and Pz itself.
For this purpose, three lac operator sequences O+-O3z can be found on the chromosomally
encoded DE3 fragment to which the repressor Lacl is able to bind. As a result, loop structures
can be formed between O and O or O3, thus preventing the bacterial polymerase from binding
to Piacuvs (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 O+ and O3 are also encoded on the expres-
sion plasmid pMKEXx2, which also prevents the T7 RNAP from binding to Ptz in the non-induced
state. These operator sequences, O 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 Oz decreases the repression of Lacl 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
O., 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 Lacl 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 Ptz 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 pMKExX2-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 pEKEXx2 (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 PhoDgs-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 pCLTONZ2 under control of Py, 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 Piiac and Piasin 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 pVC?7 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 a-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-
susrevealed 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
MBO001(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 I'" and (2S)-flavanone concentrations of 37 mg I' 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-Kiinsebeck) 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 lolT2 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 (lkeda 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
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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 10° cells of a pyc-mutant library generated by error-prone PCR with
about 9.6 x 10* 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 10* 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 24 (1149) x 19% = 9.1 x 10" (Bosley et al., 2004).
k=1

In turn, this means that less than 1 x 10°% 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 DM1868Apyc encoding the feed-
back resistant aspartate kinase LysC™'"" 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



Discussion 95

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 11012S. Plasmid-based overexpression of the corresponding genes caused
an increase of 19% and 9% in L-lysine production in strain DM1868Apyc/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 K; 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 K; 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 (Sirithanakomn et al.,
2014; Xiang and Tong, 2008). In C. glutamicum, acetyl-CoA concentrations up to 50 uM lead
to an inhibition of PCx by approx. 20%. If acetyl-CoA concentrations were further increased up
to 1000 uM, 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. /actis 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 PCx™'3%A, PCx™4*A and PCx'"%12S  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 PCx"'32A
and PCx™**  no inhibition up to 7.5 mM aspartate was found, whereas wild-type PCx was
inhibited by 42% at this concentration. The K; values of 13.2 mM and 10.8 mM of PCx""3?* and
PCx™*3A respectively, were higher compared to the K; of wild-type PCx (9.3 mM). In contrast,
the mutation 11012S 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-

110128 yariant. Even a

CoA, other factors must allow the increased L-lysine production with PCx
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 ymol
min~" (mg protein)™ 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 pymol min~" (mg protein)™’
(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 a4 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 a4 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 DM1868Apyc. 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 PCx™ was similar to the strain with PCx®¢. However, this
strain showed a significantly slower growth rate than with PCx®® when cells were grown on
glucose, which probably explains the lower lysine accumulation after 24 hours as well. Expres-

sion of pyc™s enabled the strain DM1868Apyc to produce about the same amount of lysine in
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comparison to pyc® 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 | 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 | 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 (PhoDgs) and of C. glutami-
cum (PhoDc¢g), 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 PhoDgs-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
(PhoDgs-GFP-for: GCATACGACAGTCGTTTTG, PhoDCy4-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
Ncol/BamHI (both New England Biolabs, Frankfurt, Germany). Subsequently, 5' overhangs
were filled by using the Klenow fragment of DNA polymerase | (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-phoDc4-gfp, pMKEX2-phoDgs-gfp or pMKEXx2-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 MBOO1(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 ODsoo
of 0.5 and incubated at 30 °C and 120 rpm until cells reached an ODgqo of 1. At this time point,
expression of the gfp genes was induced with 250 uM 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-
HCI, 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
(4000x g, 4 °C, 20min) 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-HCI, pH 7.5. To localize and quantify the synthesized GFP fusion



Appendix 117

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, 15V) 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, Mannedorf, 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-ODsoo 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 PhoDgs-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 PhoDgs-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
MBO001/pEKEx2-phoDss-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 PhoDags
(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-phoDss-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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Figure 5 Analysis of PhoDgs-GFP, PhoDcyg-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 PhoDgs-GFP. NC — negative control (C. glutamicum MB001(DE3)/pMKEx2); 1 —
MBO001/pEKEX2-phoDss-gfp; 2 — MB001/pEKEx2-phoDcg-gfp; 3 — MBO01/pEKEx2-torA-gfp; 4 — MB001(DE3)/
pMKEXx2-phoDss-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, Mannedorf, 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.

Analyzing the production and subsequent secretion of GFP fused with the signal peptide

PhoDc¢q4 in @ Western Blot showed that this fusion protein was secreted into the supernatant in
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the lowest amount compared to the other two signal peptides, independent of the used expres-
sion system (Figure 5A). When phoDcg4-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 PhoDgs-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

MBO001(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
PhoDgs-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 (P::), 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, phoDgs-gfp was chosen to be expressed under control of the T7 promoter using the
plasmid pMKEx2-phodss-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/pMKEXx2-
phoDgs-gfp were used to inoculate 50 ml CGXII minimal medium supplemented with 4%
(wt/vol) glucose (Keilhauer et al., 1993) to an ODeoo of 0.5 and incubated at 30 °C and 120 rpm.
After 2.5 h, the T7 system was induced with 250 yM IPTG and the culture was incubated for

another 4 h.
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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-
GGGCTTGGCQG); tatC — TatC-for (ATCTAAAAAATGAAGGAGATATACAATGTCCATTGTTGAGCAC) and
TatC-rev (ATATCTCCTTCCAGAAAAACTCATGCCTC). The vector pCLTON2 was cut with FastDigest re-
striction enzymes Sacl/Pstl (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).

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 MBO001(DE3)/pCLTON2/pMKEx2-phoDgs-gfp (250 ng/ml ATc; 250 uM IPTG) and
MBO001(DE3)/pCLTON2-tatABC/pMKEx2-phoDgs-gfp (0 ng/ml ATc; 0 uM 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-HCI, 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
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effect (Figure 7A). Only for strain MB0O0O1(DE3)/pCLTON2-tatABC/pMKEx2-phoDgs-gfp a neg-
ative effect of higher ATc concentration was detected when the tet system was induced directly
after the start of cultivation (ODego 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)/pMKEXx2- phoDgs-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-phoDgs-gfo/pCLTONZ,
the band with the highest intensity for PhoDgs-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-phoDgs-
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
MBO001(DE3)/pMKEx2-phoDgs-gfp/pCLTONZ (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-phoDgs-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-phoDgs-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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Figure 7 Analysis of tatABC overexpression on production and secretion of PhoDss-GFP by C. glutami-
cum MBO001(DE3)/pMKEx2-phoDgs-gfp/pCLTON2-tatABC. (A) Comparison of the growth of
MBO001(DE3)/pMKEx2-phoDss-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.
MBO001(DE3)/pMKEx2-phoDss-gfp/pCLTON2 and MBO001(DE3)/pMKEX2-phoDgs-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 uM 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, Mannedorf, 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.

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
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the overexpression of the fat 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 T3111 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 ovemight-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-HCI, pH 8; 0.2 mM EDTA; 1.2% Triton X-100) containing 20 mg ml"" lysozyme. After incu-
bation for 1 h at room temperature, 80 ul of 10% SDS and 25 pl proteinase K (20 mg ml”’
solved in TE) were added and cells were incubated for another 30 min at 70 °C. For precipita-
tion of genomic DNA, 200 pl 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 pl 10 mM I-! Tris-
HCI. Finally, lllumina sequencing was performed by Dr. Tino Polen and Doris Rittmann (IBG-
1, Forschungszentrum Jilich). 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
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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
L3111 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 LysCS3°'F 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 L3111 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 lolT2. 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 10lT2 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 10IT2, 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 o070 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 SigA?*'%V, 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
H20, (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 | Gene | Amino Acid Gene Annotation

tag name Exchange
P ——@—@—@——§
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 | Gene | Amino Acid .
tag name Exchange Gene Annotation

cg0122 G663D putative glycerol 3-phosphate dehydrogenase

cg0122 G56D putative glycerol 3-phosphate dehydrogenase

cg0133 | abgT T2511 p-aminobenzoyl-glutamate transporter

cg0216 P52S putative membrane protein

cg0246 AG6T glycosyl transferase

cg0284 AS533V 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 430N 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/ironlll 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 114T* hypothetical protein, conserved CGP3 region

cg2049 LO1T™ hypothetical protein, conserved CGP3 region

€g2066 D243N* putative low-complexity protein

€g2066 H245E* putative low-complexity protein

cg2092 | sigA L447R RNA polymerase sigma factor A

(rpoD)

cg2109 | oxyR Q210P hydrogen peroxide sensing regulator, LysR family

cg2262 | fisY V169l 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 Gene | Amino Acid

Gene Annotation
tag name Exchange

cg2354 | tnp2Ze G314R transposase

cg2384 | idsA V171 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 | tnpdb 1339F transposase

cg2925 | ptsS L463F sucrose-specific EIIABC component EllSuc of PTS, fructose-spe-
cific enzyme 1l BC (ElIFru) component of PTS (EC:2.7.1.69)

cg3151 tnp2b V168l 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 G258E transcriptional regulator of gentisate pathway, IcIR family

(genR)

cg3363 | trpB A39V tryptophan synthase subunit 3 (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 AS3T putative ABC-type putative ironlll dicitrate transporter

cgro1 - 16S ribosomal RNA; nucleotide exchange A1438T

cgr03 - 58 ribosomal RNA; nucleotide exchange C115T

cgrib - 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 11012S. 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 DM1868Apyc was trans-

T132A

formed with either pAN6-pyc T343A

, PANG-pyc™*A or pANG-pyc'®'?S. Plasmids were con-
structed by amplifying the corresponding pyc gene from genomic DNA of strains DM1868
pycT32A DM1868 pyc™+** or DM1868 pyc''®12S, respectively, with the primers Pyc-Ndel-for
(GCTCTAGACGCATATGTCGACTCACACATCTTC) and Pyc-Mfel-rev (CTTAA-
GCTTCAATTGAAAGCCCCGCCTCCTCC) purchased from Eurofins MWG Operon (Ebers-
berg, Germany). The generated PCR fragments were cut with Ndel/Mfel (FastDigest restriction
enzymes, Thermo Fisher Scientific, Waltham, MA, USA) and cloned into pAN6 that was cut
with Ndel/EcoRI (Thermo Fisher Scientific, Waltham, MA, USA). Afterwards, plasmids were
transferred into C. glutamicum DM1868Apyc. Strain cultivation, purification and enzyme as-
says are performed as described in chapter 3.3.

In all purifications and activity assays, wild-type PCx (PCx"!) 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 PCx*! 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 ymol min™' (mg
protein)™) for PCx™32A, PCx™4%A and PCx""%12° and thus within the same range as PCx" (24.9

+ 2.5 ymol min™' (mg protein)™). The higher activity observed for PCx'1%12S

might be relevant
for increased lysine production. The Kn, values for pyruvate of the three PCx variants were also
in a similar range as the one of PCx"! (3.8 £ 0.7 mM) with 3.2 £ 0.6 mM, 2.4 + 0.0 mM, and 4.2
+ 0.4 mM for PCx™'32A, PCx™343%A and PCx'1%'2S 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 K; values compared to PCx" (Figure 8A). The
response of the PCx variants towards acetyl-CoA was quite unusual and similar to the re-
sponse of PCx": Up to 50 uM, acetyl-CoA had a slight inhibitory effect on all PCx variants,
which was reversed at higher concentrations (Figure 8B). At concentrations of about 250 uM
acetyl-CoA and above, about the same activity was measured as in the absence of acetyl-
CoA, except for PCx™*3A, for which the activity at 1000 uM acetyl-CoA was only about 85% of
the activity of PCx"'. When intracellular concentrations of acetyl-CoA were determined in the
wild-type strain C. glutamicum ATCC 13032, about 24 yM were measured in cells grown on
minimal medium supplemented with glucose and about 155 uM 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 uM acetyl-CoA were reported (Takamura and Nomura, 1988). The small inhibitory effect
detected at 500-1000 uM acetyl-CoA for PCx™34% 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.
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Figure 8 Influence of ADP (A), acetyl-CoA (B), and aspartate (C) on the activity of purified PCx"! and the
variants PCx"132A) PCx™43A and PCx'1%12S, 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.



132 Appendix

110128 showed a similar response as PCx", however,

In the case of aspartate, PCx
PCx''32A and PCx™4%* 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 K; values
for aspartate were 13.2 mM for PCx™%2* and 10.8 mM for PCx™4* and thus higher com-
pared to the K; value of PCx"! (9.3 mM). The weakened feedback inhibition by aspartate
could be a possible explanation for increased L-lysine production in strains expressing

pyCT343A and pycT'l 32A_

6.4 Expression of heterologous pyc variants in Corynebacterium glutamicum

In order to test whether the function of native PCx in C. glutamicum (PCx®9%) 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 (pyc®®) 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 (pyc'*) was picked as the second enzyme
to be evaluated. Both, PCx52 and PCxMs, consist of four identical subunits and therefore belong
structurally to the as-type PCx proteins, like PCx®9. In order to additionally examine a PCx with
an a4P4 structure, PCx of Pseudomonas aeruginosa was also selected for expression in C. glu-
tamicum. In PCx of the asB4 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 PCx®?¢ and PCx™s, whereas
PCx%2 and PCxP® 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
DM1868Apyc harboring the lysine sensor plasmid pSenLys-Spec (Schendzielorz et al., 2014)
was transformed with the generated plasmids or pAN6-pyc®? (construction described in chap-
ter 3.2). Additionally, strain DM1868Apyc/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-pycVs, pAN6-pyc”? and pAN6-pycS2. The pyc“s 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 pycS® 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
pANG vector, which was cut with Ndel 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 u = 0.29 h' (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 pyc©? 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 PCx® in C. glutamicum.
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Figure 10 Growth analysis of strains DM1868Apyc/pSenLys-Spec harboring either pAN6, pAN6-pyc®9,
pAN6-pyc's, pAN6-pyc”? or pAN6-pycS2. 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 CGXIlI minimal medium supplemented
with 4% (wt/vol) glucose, which was incubated overnight at 30 °C. The main cultures were finally inoculated to
an ODeggo of 1 in 800 pl CGXIl 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 I' kanamycin and 250 mg I' 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
DM1868Apyc/pSenLys-Spec/pANG-pyc™ (u = 0.11 + 0.00 h'") (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 pyc®® 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 PCx®. For the strain with PCx"* 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 mM IPTG: 0.28 + 0.00 h™").
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Table 2 L-Lysine production of C. glutamicum DM1868Apyc/pSenLys-Spec harboring either pAN6, pAN6-
pyc®?, pAN6-pycMs, pAN6-pycP? or pAN6-pycS2. All strains were grown as 800 yl 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.

Strain 4% (wt/vol) glucose

DM1868Apyc/ 0 mM IPTG L-lysine in-/ 1 mM IPTG L-lysine in-/
pSenLys-Spec decrease’ decrease’
/pANG 21.0+£1.0 - 22.7+0.2 -
/pANG-pyc®s 252+0.6 20.0% 33657 48.0%
/pANB-pycMs 225+0.2 7.1% 28.5+0.2 25.6%
/pANG-pyc™a 229105 9.0% 16.5£1.0 -27.3%
/pANG-pycS? 21.7+1.0 3.3% 226 +1.8 -0.4%
Strain 2% (wt/vol) lactate

DM1868Apyc/ 0 mM IPTG L-lysine in-/ 1 mM IPTG L-lysine in-/
pSenLys-Spec decrease’ decrease’
/pANG 11201 - 111202 -
/pANG-pyc®s 2601 136.4% 7.1+0.2 545.5%
/pANG-pycMs 1.3201 18.2% 82+0.2 645.5%
/pANG-pyc™a 2.2+01 100.0% 7.3+01 563.6%
/pANG-pycS? 09+£0.1 -18.2% 09+0.2 -18.2%

'in comparison to the strain DM1868Apyc/ pSenLys-Spec/ pANG

Comparing the results of the strain expressing pyc" to the strain expressing the native pyc©
gene, it becomes apparent that the highest L-lysine titer was obtained with PCx. 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 pyc"s.

Furthermore, it was tested whether heterologous pyc genes enable the deletion mutant
DM1868Apyc 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
PCx® and PCx", 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 PCx“9 was able to grow (u ~0.19 £ 0.03 h'") and

the L-lysine concentration in the supernatant increased up to 7.1 £ 0.2 mM. The heterologous
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enzymes PCx" and PCx™s 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 DM1868Apyc (Figure 10B). Strain DM1868Apyc/pSenLys-Spec/pAN6-pyc™ showed a
growth rate of 0.13 + 0.00 h™', whereas the strain harboring pAN6-pyc“s had a growth rate of
0.22 + 0.02 h™'. 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
PCx" increased from 2.2 + 0.1 mM up to 7.3 + 0.1 mM, which is about the same concentration
as detected with PCx®9. After induction of the strain with PCx™s 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 umol min-' (mg protein)' was reported for
this enzyme (Mukhopadhyay and Purwantini, 2000), whereas PCx from C. glutamicum showed
a maximal specific activity of about 20—25 pmol min™ (mg protein)™ (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 pyc", no growth of the strain DM1868Apyc/pSenLys-Spec/pANG-
pycS® 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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