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1 Summary

1.1. Summary English

Since the early 20" century, microbes have written a success story as hosts for the production
of various small molecules. Traditional approaches for strain development or analysis are,
however, typically based on bulk measurements, which do not interface with high-throughput
technologies and provide average data for the whole population. Current efforts in the field of
biotechnology aim at the development of novel techniques enabling the detection and
quantification of metabolites in single microbial cells.

In the present work, a genetically-encoded single cell biosensor was developed, which
enables the detection of L-methionine and the branched-chain amino acids in the industrial
amino acid producer Corynebacterium glutamicum. The principal design of the biosensor is
based on the native Lrp-BrnFE module of C. glutamicum. In response to cytosolic
accumulation of L-methionine and the branched-chain amino acids, the transcriptional
regulator Lrp was shown to activate expression of the brnFE operon, encoding the transport
system for these amino acids. For the construction of the biosensor, a sensor module including
Irp, the intergenic region of /rp and brnF, and a transcriptional fusion of brnF to the reporter
gene eyfp was designed. Characterization of the biosensor performance features revealed the
highest sensitivity of the Lrp-sensor towards L-methionine followed by L-leucine, L-
isoleucine, and L-valine. In the case of L-methionine, the minimal linear range of detection
extended from <1 mM up to 25 mM (>78-fold dynamic range) and, thus, covered a range,
which is relevant to the development of production strains.

In the following, the biosensor was implemented in FACS-(fluorescence-activated cell
sorting) based high-throughput screenings of C. glutamicum mutant libraries for the isolation
of amino acid producing strains. A secondary uHPLC screen for the measurement of amino
acid levels in the supernatant of isolated strains revealed about 20% positive clones producing
branched-chain amino acids. Further screening attempts, aiming in particular at the isolation
of L-methionine producing mutants, emphasized the strong impact of the strain background,
medium composition, and FACS gating strategy on the screening outcome. For example,
screening of mutagenized C. glutamicum AmcbR, lacking the master regulator of L-
methionine and L-cysteine synthesis, resulted in about 50% positive clones, which exhibited
at least a 100% improvement in L-methionine production in comparison to the parental strain
(up to 8 mM). Whole genome sequencing of selected mutants revealed mutations in genes
contributing to L-methionine biosynthesis as well as in pathways supplying building blocks,
precursors (C;- and sulfur metabolism), redox power (pentose phosphate pathway), and
transcriptional regulators involved in the control of sulfur utilization (SsuR and CysR).

In further studies the Lrp-sensor was successfully applied for online monitoring of L-
valine production strains based on pyruvate dehydrogenase-deficient C. glutamicum strain
AaceE and was shown to provide information with respect to production start and course of
metabolite production over time. Furthermore, the sensor was suitable to reveal different
levels of productivity in basic as well as in high yield production strains. In order to
investigate the phenotypic structure of L-valine production strains, isogenic microcolonies of
C. glutamicum strains were grown under constant environmental cultivation conditions in
microfluidic chip devices. The studies displayed cell-to-cell variation with respect to cell size,
doubling time, and metabolite production, which significantly depends on the particular
growth conditions. Altogether, the obtained results emphasize suchlike sensor systems as
convenient and valuable tool for strain development and single cell analysis and reveal
versatile applications for future studies.



1.2. Summary German

Seit Beginn des 20. Jahrhunderts werden Mikroben erfolgreich zur Produktion von
verschiedenen Molekiilen eingesetzt. Traditionelle Methoden in der Stammentwicklung oder
Analyse basieren jedoch auf Messungen, welche nicht mit Hochdurchsatz-Technologien
kompatibel sind und lediglich Durchschnittswerte der gesamten Population liefern.
Gegenwirtige Bemiihungen auf dem Feld der Biotechnologie verfolgen die Entwicklung von
neuen Technologien, welche die Detektion und Quantifizierung von Metaboliten auf
Einzelzellebene ermoglichen.

In der vorliegenden Arbeit wurde ein genetisch-kodierter Biosensor entwickelt,
welcher die Detektion von L-Methionin und den verzweigtkettigen Aminosduren in dem
industriell eingesetzten Aminosdure-Produzenten Corynebacterium glutamicum ermdoglicht.
Das Design des Biosensors beruht auf dem nativen Lrp-BrnFE Modul aus C. glutamicum. Bei
intrazelluldrer Akkumulation von L-Methionin oder den verzweigtkettigen Aminosduren
aktiviert der Transkriptionsregulator Lrp die Expression der brnFE Gene, welche fiir das
Transportsystem fiir die zuvor genannten Aminosduren kodieren. Zur Konstruktion des
Biosensors wurde ein Modul gebaut, welches /rp, die intergene Region zwischen /rp und
brnFE sowie eine transkriptionelle Fusion von brnFE mit dem Reportergen eyfp umfasst. In
Charakterisierungsstudien zeigte der Lrp-Biosensor die hochste Affinitdt gegeniiber L-
Methionin gefolgt von L-Leucin, L-Isoleucin und L-Valin. Hierbei reichte der minimale
Bereich zur linearen Detektion von L-Methionin von <1l mM bis 25 mM (>78-facher
dynamischer Messbereich), welcher somit den Messbereich abdeckte, der fiir die Entwicklung
von Produktionsstimmen relevant ist. Im Folgenden wurde der Biosensor in FACS-
(fluorescence-activated cell sorting) basierten Hochdurchsatz Screenings von C. glutamicum
Mutanten-Bibliotheken zur Isolation von Aminosdure-produzierenden Stdmmen eingesetzt.
Ein zweites uHPLC Screening zur Messung der Aminoséurekonzentration im Uberstand der
isolierten Stdmme, ergab 20% positive Klone, welche eine Produktion der verzweigtkettigen
Aminosiduren zeigten. Weitere Screening Versuche, welche insbesondere die Isolation von L-
Methionin  produzierenden Mutanten verfolgten, stellten heraus wie stark der
Ausgangsstamm, die Medienzusammensetzung und die FACS gating Strategie das Screening
Resultat beeinflussen. So resultierte zum Beispiel das Screening ausgehend von einer
C. glutamicum AmcbR Mutanten-Bibliothek in 50% positiven Mutanten, die mindestens eine
um 100% gesteigerte L-Methionin Produktion im Vergleich zum Ausgangsstamm zeigten.
Die Sequenzierung des vollstdindigen Genoms dieser Mutanten offenbarte Mutationen in
Genen, welche in der Biosynthese von L-Methionin involviert sind, sowie in Genen der
Stoffwechselwege zur Bereitstellung von Ausgangssubstraten und Vorldufermolekiilen (C,-
und Schwefelmetabolismus) oder Reduktionsenergie (Pentosephosphatweg). Zudem konnten
auch Mutationen in Genen identifiziert werden, die flir die Transkriptionsregulatoren des
Schwefelstoffwechsels, CysR und SsuR, kodieren. In weiteren Studien wurde der Lrp-Sensor
erfolgreich zum Online Monitoring in L-Valin Produktionsstimmen eingesetzt, bei welchen
er Information liber den Produktionsstart sowie liber den zeitlichen Verlauf der Produktion
lieferte. Desweiteren eignete sich der Sensor dazu verschiedene Produktionslevel in einfachen
und leistungsstarken Produktionsstimmen aufzuzeigen. Um die komplexe Populationsstruktur
von L-Valin Produktionsstimmen ndher zu untersuchen, wurden weitere Versuche in
Mikrofluidik-Vorrichtungen durchgefiihrt, welche konstante Kultvierungsbedingungen bieten.
Diese Untersuchungen zeigten Heterogenititen auf Einzelzellebene in Bezug auf die
ZellgroBe, Verdopplungszeit sowie die Metabolitproduktion, welche sehr stark von den
Kultivierungsbedingungen abhéngig waren. Zusammenfassend stellen diese Arbeiten
Biosensoren als geeignetes und niitzliches Werkzeug zur Einzelzell-Analyse und
Stammentwicklung heraus und zeigen deren vielseitige Applikationen fiir kiinftige Studien.






2 Introduction

2.1. Corynebacterium glutamicum - A versatile microbial factory

In the search for L-glutamate-producing bacteria Udaka and Kinoshita isolated the facultative
anaerobic, Gram-positive soil bacterium Corynebacterium glutamicum in 1957 (Kinoshita et
al., 1957). With this important discovery amino acid fermentation industry and a remarkable
success story was born. Today C. glutamicum represents one of the most important platform
organisms in industrial biotechnology contributing to an annual production of 2.6 million
metric tons of L-glutamate and 1.5 million metric tons of L-lysine (Ajinomoto Co., 2012;
Ajinomoto Co., 2011). Due to its significant industrial importance, the genome of
C. glutamicum was sequenced and published to date in three independent projects (Yukawa et
al., 2007; Kalinowski et al., 2003; Ikeda & Nakagawa, 2003). This set a milestone in research
of this organism since it prepared the ground for the development of new molecular tools such
as targeted gene deletion and replacement or the construction of various vectors for cloning
and expression. Furthermore, the development of new powerful omic techniques, including
transcriptomic, proteomic, metabolomic, and fluxomic analysis, allow systems level
investigations of this important platform organism and enabled the integration of synthetic
biology approaches into metabolic engineering of C. glutamicum (Becker & Wittmann, 2012;
Vertes et al., 2012). A detailed summary of the current knowledge of physiology and pathway
regulation in C. glutamicum is provided in two monographs (Eggeling & Bott, 2005;
Burkovski, 2008).

Nowadays, C. glutamicum strains are available, engineered for production of a broad
spectrum of diverse biotechnological relevant chemicals, materials, and fuels, such as ethanol
(Inui et al., 2004a), isobutanol (Blombach et al., 2011; Smith et al., 2010; Blombach &
Eikmanns, 2011), 1,2 propanediol (Niimi et al., 2011), 1-butanol and 1-propanol formed as
byproduct of isobutanol production (Smith et al., 2010), xylitol (Sasaki et al, 2010),
diamines, e.g. putrescine (Schneider & Wendisch, 2010) and cadaverine (Mimitsuka et al.,
2007; Kind et al., 2011), organic acids, e.g. pyruvic (Wieschalka et al., 2012), lactic (Okino et
al., 2008b; Inui et al., 2004b), 2-ketoisovaleric (Krause et al., 2010), and succinic acid
(Litsanov et al., 2012a; Litsanov et al., 2012b; Okino et al., 2008a), pantothenate (Hiiser et
al., 2005), and polymers, e.g. poly-3-hydroxybutyrate (Jo et al., 2006; Matsumoto et al.,
2011).
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Post-genomic approaches using rational engineering for strain improvement additionally
contributed to high yield amino acid production of L-glutamate (Sawada et al., 2010), L-
lysine (Ikeda et al., 2006; Becker et al., 2011), L-alanine (Jojima et al., 2010), L-serine (Lai et
al., 2012; Peters-Wendisch et al., 2005), L-valine (Blombach et al., 2008; Hasegawa et al.,
2013), aromatic amino acids (Ikeda, 2006; Zhao et al., 2011; Li et al., 2009) and even non-

proteinogenic amino acids (Stdbler et al., 2011).

While L-glutamate is mainly used as flavor enhancer and L-aspartic acid together with L-
tryptophan for production of the artificial sweetener aspartame, applications of further amino
acids are the pharmaceuticals and cosmetics industry as well as the medical sector, where they
are mainly supplied in infusion solutions (Leuchtenberger ef al., 2005). The largest market of
amino acids, however, represents the fast growing animal feed industry. In order to improve
feed efficiency and to enhance animal growth, essential amino acids, in particular L-lysine,
D/L-methionine, L-threonine, and L-tryptophan, have to be supplied as feed additives in
animal farming. Here, L-methionine represents the first limiting amino acid in the nutrition of
poultry. On the basis of an increasing consumption of animal protein, poultry in particular, the
global world market for L-methionine as a food additive is expected to grow by 2% over the
next decade (Novus International, 2010). Currently, about 685-700 kilo metric tons of D/L-
methionine are produced on a petrochemical basis (Novus International, 2010). Despite its
great demand, no fermentative production process could be established for L-methionine so
far, which is in contrast to all other industrially relevant amino acids produced at large-scale.
Since C. glutamicum proved as versatile cell factory for overproduction of amino acids,
several efforts focused on engineering of this organism to set up a competitive

biotechnological process for microbial production of L-methionine (Kumar & Gomes, 2005).

2.2. Biosynthesis of L-methionine in C. glutamicum

L-methionine synthesis represents a challenging target as it is strictly regulated at the
transcriptional as well as at the enzymatic level. Moreover, it demands incorporation of
reduced sulfur and precursors from C;-metabolism which requires high energy cost (7 mol
ATP and 8 mol NADPH) and makes it the most expensive amino acid for the cell (Neidhardt
et al., 1990; Figge, 2007). In C. glutamicum the aspartate family of amino acids comprises L-
methionine, L-lysine, L-threonine, and L-isoleucine. The biosynthetic pathway of L-

methionine and L-threonine share the first reactions steps transforming L-aspartate to L-
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homoserine, which is catalyzed by the aspartate kinase (/ysC), aspartate semialdehyde
dehydrogenase (asd) and homoserine dehydrogenase (hom) (Figure 1). Homoserine
transacetylase (metX) catalyzes the first specific reaction towards L-methionine synthesis by
activation of the y-hydroxyl group of L-homoserine via acetylation (Park et al., 1998). The
next step presents the incorporation of reduced sulfur, which is accomplished in two parallel
pathways in C. glutamicum. Acetyl-homoserine sulfhydrylase (metY) directly catalyzes the
synthesis of L-homocysteine from O-acetyl-L-homoserine and hydrogen sulfide (Hwang et
al., 2002). Alternatively, cystathionine y-synthase (metB) catalyzes the y-replacement reaction
of O-acetyl-L-homoserine and L-cysteine, forming y-cystathionine (Hwang et al., 1999;
Hwang et al., 2002). Cystathionine-B-lyase (aecD/metC) cleaves the C-S bond of y-
cystathionine yielding L-homocysteine, pyruvate and ammonia (Kim et al., 2001; Rossol &
Piihler, 1992). The terminal step in L-methionine synthesis is the transfer of the Cs-methyl
group to L-homocysteine, which is catalyzed by cobalamin (B,;)-independent methionine
synthase (metE) or alternatively by cobalamin (B;,)-dependent methionine synthase (metH)
(Riickert er al., 2003). Methyl groups are provided by N°,N'’-methylenetetrahydrofolate
reductase (metF) an enzyme that reduces N°,N'°-methylenetetrahydrofolate (CH,~THF) to
CHs;-THF (Riickert et al., 2003). In turn, N°,N'°-methylenetetrahydrofolate is formed by
transfer of a methylene group from L-serine to tetrahydrofolate catalyzed by serine

hydroxymethyltransferase (glyA4).

Apart from its role in protein biosynthesis, L-methionine is degraded to yield S-adenosyl-
methionine (SAM), which is the central donor for methyl groups in the cell, e.g. for
methylation of DNA (Schifer et al., 1997; Cantoni, 1953; Lu, 2000). SAM is formed by
adenylation of L-methionine catalyzed by methionine adenosyltransferase encoded by metK

(Grossmann et al., 2000).

The transport of L-methionine in C. glutamicum has been studied in detail by the group of
Reinhard Krdamer. Import of L-methionine is accomplished by the high affinity ABC
transporter MetQNI and a secondary uptake system MetP which is characterized by a lower
affinity (Trotschel et al., 2008). BrnFE, originally described for export of the branched-chain
amino acids, L-leucine, L-isoleucine, and L-valine (Kennerknecht ez al., 2002), was identified
as the dominant export system for L-methionine (Trotschel ef al., 2005). However, studies
provided evidence for a second transporter with low affinity but high capacity, which has not

been identified so far.
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Figure 1. L-methionine biosynthesis in C. glutamicum.




2.3. Strategies for strain development

The high diversity of microbes provides a broad spectrum of metabolic pathways and
platforms for the production of valuable products. However, naturally or microbially
produced metabolite amounts are in general too low and do not exceed levels required for
cellular growth and maintenance. Thus, efficient strategies for strain engineering and
development are required to enhance metabolic capabilities of microbes for successful
overproduction of target metabolites and to establish biotechnological production processes
which are economically competitive to petrochemical-based production. Traditionally,
approaches for strain improvement relied on random mutagenesis using chemical mutagens
(e.g. alkylating agents, base analogs) or physical mutagenesis (e.g. UV-radiation, X- or
gamma rays) and an appropriate and efficient selection strategy for the isolation of promising
clones among millions of cells (Parekh et al., 2000). Iterative mutagenesis and screening
procedures were applied, until a strain with the maximal, desired productivity and yield was

obtained.

Two decades ago advanced genetic engineering methods enabled strategies of strain
development to shift to a more rational design, termed metabolic engineering (Bailey, 1991;
Stephanopoulos & Vallino, 1991). By definition "Metabolic engineering is the directed
improvement of product formation or cellular properties through the modification of specific
biochemical reaction(s) or introduction of new one(s) with the use of recombinant DNA
technology" (Stephanopoulos ef al., 1998). In contrast to classical strain development, precise
modifications were implemented to construct well-defined genetic backgrounds. Application
of molecular biology and DNA recombination techniques allowed the targeted introduction of
genetic changes by e.g., heterologous expression of genes in new host organisms, deletion or
overexpression of endogenous genes or modulation of enzymatic activities (Koffas et al.,
1999; Adrio & Demain, 2006). Further manipulations were carried out once the physiological
and biochemical impact of first implemented genetic modifications was thoroughly assessed.
In order to redirect or enhance fluxes towards the target metabolite, the focus extended from
the analysis of individual reactions to metabolic flux analysis of entire pathways considering
pathway synthesis, thermodynamic feasibility, pathway flux and its control (Stephanopoulos,
1999). In the post-genomic era, strain improvement strategies extensively applied powerful
omic-techniques to consider modifications based on an expanded view of the cell and a
systematic understanding of the broad molecular landscape (Yadav et al, 2012;

Stephanopoulos et al., 2004; Alper & Stephanopoulos, 2004).
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Metabolic engineering as well as classical strain development, including random mutagenesis,
screening and selection, have written remarkable success stories represented in the production
of antibiotics, amino acids, organic acids, vitamins, nucleotides and biofuels in the last
decades (Figure 2) (Wendisch, 2007; Alper & Stephanopoulos, 2009; Leuchtenberger et al.,
2005; Lee et al., 2009; Marienhagen & Bott, 2013).

Unconscious exploitation of
microbes for biotechnological
production of bread, beer, cheese 1953 — Watson and Crick

describe the structure of DNA

High-throughput screenings
(FACS, microtiter-scale, robotics)

1916 — Weizmann yields butanol, Genetic engineering
acetone and ethanol by fermentation (PCR, restriction enzymes,
of Clostridium acetobutylicum heterologous gene expression)

1970
- 2000 21stcentury

1990

1920 - Production of citric
acid by Aspergillus niger 1960 — Microbial proteases are
added to washing detergents

System biology,
Omic based techniques

1857 — Pasteur showed that
lactic acid fermentation is
caused by living organisms

Selection & Screening
strategies: 1957 — isolation of
Corynebacterium glutamicum

Genome sequencing

Figure 2. Timeline: Biotechnology.
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2.4. Genetically-encoded biosensors

Current efforts in industrial biotechnology aim for the development of new techniques
enabling the detection and quantification of specific metabolites at the single cell level. Since
the discovery and popularization of autofluorescent proteins two decades ago, significant
progress towards single cell interrogation has been made by the use of fluorescent tags
enabling the measurement of expression profiles and protein localization with single cell
resolution. However, only a few studies report on the visualization of metabolites. This, in
fact, represents a unique challenge considering their rapid dynamics compared to proteins in
cellular environments. In this context, the use of genetically-encoded biosensors, transforming
the specific and sensitive detection of inconspicuous, small molecules into an optical readout
(e.g. fluorescence output), provides a powerful toolbox for the visualization of metabolites in
single bacterial cells. In the last 10-20 years, extensive research contributed to the
development of an ever-expanding number of biosensors allowing monitoring of small
molecules with single cell resolution. Various classifications of biosensors are described and
resumed in several reviews as for example based i) on the source of signal (e.g. small or
macromolecules, pH, temperature, light) (Zhang & Keasling, 2011), ii) the sensory device
used (e.g. RNA, proteins) (Michener et al., 2012) or iii) biosensors design and application
(van der Meer & Belkin, 2010; Dietrich et al., 2010).

Nature provides an extensive repertoire of sensor devices in form of e.g. riboswitches, RNA-
aptamers, transcription factors, and enzymes to detect a broad spectrum of metabolites. Sensor
constructs which are based on these devices linked to fluorescence proteins enable the
detection of small, inconspicuous molecules by providing an optical readout. In the following
three categories of genetically-encoded biosensors using different types of sensor devices will

be outlined.

RNA-based biosensors use natural or engineered RNA switches as the key biosensor
component. Typically, RNA switches consist of an input domain, i.e. an RNA aptamer, and
an output domain, an RNA gene regulatory component e.g. ribozyme. Win et al. described a
xanthine sensing RNA-switch, which allows correct folding of only one domain at any given
time (Win & Smolke, 2007). In response to effector binding, the modular assembly of RNA
switches enables stringent control of target gene expression. In principle, the output domain
cleaves itself once it is correctly folded. As a result the mRNA of the target gene is degraded.
Binding of the effector molecule, however, stabilizes proper folding of the RNA aptamer and

prevents folding of the output domain. For biosensor construction the RNA switch can be
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placed upstream of a fluorescent reporter gene, thus binding of the effector molecule results in

increased reporter gene expression (Michener & Smolke, 2012; Michener et al., 2012).

Biosensors, based on transcriptional regulators, represent a further class of biosensors which
can be used for the design of a regulatory circuit where the expression of a reporter gene is
under direct control of the metabolite-sensing regulator. Typically, transcription factors
undergo a molecular switch upon ligand binding resulting in transcriptional activation of the
cognate regulatory DNA element. Transcriptional or translational fusion of the target
promoter to a promoterless fluorescent reporter gene provides in turn, a measurable optical

readout, which displays cytosolic accumulation of the effector molecule.

FRET-based biosensors (forster (fluorescence) resonance energy transfer) represent well
established sensor systems which exploit the molecular recognition specificity of several
protein classes. Typically, in FRET-based sensors an acceptor and donor domain within the
same protein or of two different proteins are linked to a pair of fluorophores differing in their
emission and excitation wavelengths. Binding of the target molecule conducts conformational
changes of the sensor domain bringing donor and acceptor fluorophore in close vicinity, and

thus leading to FRET (Frommer ef al., 2009; Okumoto et al., 2012).

In the last decades, biosensors, based on transcriptional regulators, have been extensively
exploited in microbial sensing systems for the detection of environmental pollutants (van der
Meer & Belkin, 2010; Harms et al., 2006). Whereas FRET-based or RNA-based biosensors
have been applied in studies mainly focusing on fundamental biological questions by specific
detection of several molecule classes such as sugars, ions, vitamins, antibiotics and many
more not noted herein (Okumoto et al, 2012; Michener et al, 2012). In industrial
biotechnology the great potential of biosensors for the detection and quantification of small
molecules at single cell resolution has not been harnessed so far. However, some striking
studies in the group of C. Smolke highlight RNA-based sensors as powerful tool for screening
of biotechnologically interesting molecules (Michener & Smolke, 2012; Michener et al.,
2012). Overall, the implementation of the different types of biosensors might facilitate high-
throughput screenings in future, and thus contributes to new breakthroughs in microbial strain

development.
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2.5. Population heterogeneity in bacterial monocultures

Nowadays, phenotypic variation within clonal populations of bacterial cells is a well-
described and accepted phenomenon. New technologies facilitating single cell measurement
such as flow cytometry and technical advances in automated microscopy and lab-on-chip
devices have provided fundamental new insights into population dynamics (Diaz ef al., 2010;
Tracy et al., 2010; Miiller & Nebe-von-Caron, 2010; Schmid et al., 2010; Szita et al., 2010;
Gulati et al., 2009; Fritzsch et al., 2012; Vinuselvi et al., 2011). Classical examples for
phenotypical heterogeneity observed in bacterial populations are, for example, chemotaxis in
Escherichia coli, genetic competence, motility and sporulation of Bacillus subtilis or the
occurrence of persister cells upon antibiotic treatment (Korobkova et al., 2004; Maamar et al.,
2007; Haijema et al., 2001; Kearns, 2005; Gonzalez-Pastor et al., 2003; Balaban et al., 2004).
Phenotypical heterogeneity can have diverse origins such as differences in cell age or cell
cycle, or simply stochastic effects in gene expression (Lidstrom & Konopka, 2010; Elowitz,

2002; Cai et al., 2006; Kern et al., 2005; Miiller et al., 2010).

Random fluctuations in biochemical reactions result in a stochastic variation, so-called noise.
Noise is regarded as a key determinant for cell-to-cell variation within clonal populations.
Stochastic fluctuations are notably enhanced when the number of involved reactants is small.
Therefore, in particular gene expression is influenced by stochasticity, due to the typically low
number of transcription factor molecules in the cell (Kaern et al., 2005; Swain et al., 2002).
Amplification of a noisy signal by positive feedback can result in bimodal distribution in gene
expression referred as bistability. In response to environmental changes, some genes may
exhibit a bistable expression resulting in the formation of two distinct subpopulations, which
display altered phenotypic traits within a clonal population (Dubnau & Losick, 2006; Veening
et al., 2008).

"Randomization of phenotype", i.e. cell-to-cell variation within genetically identical
populations and occurrence of subpopulations are considered to be beneficial for the
population in unpredictable environments, since distinct phenotypes might be pre-adapted or
allow rapid adaption to sudden changes in environment (Acar ef al., 2008; Kussell & Leibler,
2005). Despite the knowledge of its common occurrence, little attention is paid to the
phenomenon of population heterogeneity in biotechnological processes. Obviously, cell-to-
cell variation in regard to physiological states and productivity and the formation of
inefficient subpopulations within a production culture can adversely affect production

processes (Lencastre Fernandes et al. 2011; Miiller et al. 2010). Particularly in large-scale
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bioreactors, cell cultures are confronted with environmental heterogeneity during cultivation,
such as gradients in oxygen, pH, or carbon source concentration (Lara et al., 2006; Liden,
2002; Takors, 2012; Hewitt & Nienow, 2007; Enfors et al., 2001). Nevertheless, optimization
strategies for bioprocesses still rely on the measurement and interpretation of average data,
which obviously mask cell-to-cell variation and give no information about the complex
phenotypic structure of microbial populations. Thus, biological phenomena might be
misinterpreted and result in wrong decisions regarding further improvement strategies for
production process and strain engineering (Figure 3) (Lidstrom & Konopka, 2010). The key
challenge to finally perform efficient microbial bioprocesses in future, hence, demands on in-
depth investigations and detailed understanding of complex phenotypical structures of

biotechnological production strains (Miiller et al., 2010; Lencastre Fernandes et al., 2011).
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Figure 3. Measurement of populations average does not allow to distinguish between a production process
where all cells are averagely producing (left) from one where some cells are highly or not producing (right)
(adapted from Lidstrom & Konopka, 2010).
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2.6. Aims of this work

The first aim of this work was the development of a single cell biosensor capable of detecting
cytosolic amino acid accumulation in C. glutamicum. For this purpose, the transcriptional
regulator Lrp (leucine-responsive protein) was chosen as a potential "sensor protein".
Previous studies suggested that C. glutamicum Lrp might respond to elevated cytosolic
amounts of the branched-chain amino acids and L-methionine. To provide a basis for sensor
construction, promoter binding and effector molecule specificity of Lrp has to be analyzed in
detail. Once a convenient sensor is constructed, the capability of the biosensor to distinguish
between increased and wild type levels of cytosolic amino acid concentrations has to be
assessed. To enhance artificially the intracellular concentration of effector amino acids, the
previously well-described feeding strategy can be applied to C. glutamicum wild type cells
containing the biosensor. Supplied dipeptides are uptaken and hydrolysed by C. glutamicum

increasing the intracellular pool of free amino acids.

In order determine under which conditions the biosensor performs robust and reproducible
measurements, a calibration of the biosensor has to be performed which describes the relation
between input, ie. cytosolic amino acid concentration, and output signal, i.e. specific
fluorescence signal of the cells. Here, again the dipeptide feeding strategy can be applied to
calibrate intracellularly different amino acid concentrations. In order to measure the
fluorescence output of the cells, experiments could be performed in a microplate reader
capable of fluorescence measurements. Various applications of the biosensor are conceivable
in approaches aiming for strain development and screening strategies in industrial
biotechnology. For example, the biosensor can be implemented in FACS (fluorescence-
activated cell sorting) based high-throughput screenings of C. glutamicum mutant libraries.
Cells which show an increased production of the effector amino acids after e.g. random
mutagenesis should exhibit a higher fluorescence signal compared to non-producing mutants.
Thus, rapid screening of these cells and accurate isolation via FACS is enabled. Further, the
biosensor can be applied to monitor amino acid formation in C. glutamicum production strains
in live cell imaging studies. For this, the sensor can be integrated into available L-valine
production strains of C. glutamicum. Biosensor-based live cell imaging of these strains,
cultivated in microfluidic devices, should allow investigation of single cell growth and

productivity in a time-resolved manner.
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3 Results

The major topic of this PhD thesis was the development and application of a single cell
biosensor for detection of L-methionine and branched-chain amino acids in C. glutamicum.
The results allocated to this research field have been summarized in three publications and

two further manuscripts which will be submitted in near future.

The first publication "Lrp of Corynebacterium glutamicum controls expression of the brnFE
operon encoding the export system for L-methionine and branched-chain amino acids"
describes the analysis of the transcriptional control of the brnFE operon in C. glutamicum by
the transcriptional regulator Lrp. My contribution to this work was essentially the
investigation of the promoter binding of Lrp and the influence of putative effector molecules
on Lrp binding affinity. In electrophoretic mobility shift assays, the transcriptional regulator
Lrp was shown to bind to the intergenic region between /rp and brnFE and to activate
transcription of brnFE in the presence of increased levels of branched-chain amino acids or L-
methionine. Thus, Lrp controlled activation of BrnFE avoids inhibitory effects of intracellular
amino acid accumulation. These data and further results on expression analysis of brnFE
obtained in the group of our collaboration partner Prof. V. Wendisch (University of Bielefeld,

Germany) were published in the above mentioned publication.

Based on the transcriptional regulator Lrp, a novel single cell biosensor was developed, which
enables the intracellular detection of L-methionine and branched-chain amino acids at single
cell resolution and transforms this information into an optical readout (eYFP fluorescence).
This work was presented in the publication "The development and application of a single-cell
biosensor for the detection of L-methionine and branched-chain amino acids". A detailed
characterization of the biosensor revealed highest sensitivity for L-methionine followed by L-
leucine, L-isoleucine and L-valine; a linear relationship of fluorescence output and
intracellular concentrations of the effector amino acids was observed. The biosensor was
successfully implemented in FACS-based high-throughput screenings for the enrichment of
amino acid producing bacteria and was applied in first live cell imaging studies of

C. glutamicum in microfluidic chip devices.

Fluorescent proteins are used as versatile tools to report on gene expression or protein
localization. However, the extreme high stability of native fluorescent proteins (GFP > 24 h)
hampers dynamic measurements. In order to provide valuable tools for the monitoring of

dynamic gene expression in C. glutamicum, unstable variants of the GFP derivate GFPuv and
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eYFP were presented in the article "Destabilized eYFP variants for dynamic gene expression
studies in Corynebacterium glutamicum". SsrA-mediated peptide tagging was used to
construct destabilized fluorescence proteins with significantly reduced half-lives. First
application of the unstable eYFP variants in transient gene expression studies showed their
general suitability for dynamic measurements. This study was performed under my
supervision within the diploma thesis of Eva Hentschel. Results obtained by the group of
Prof. A. Burkovski on destabilization of GFP were obtained within the master thesis of Conni

Will and also included in the abovementioned report.

Since L-methionine is currently of major interest for biotechnological strain development,
further studies focused on adaption of the biosensor-based screening procedure to isolate in
particular L-methionine producing mutants. For this reason, mutant libraries based on
different strain backgrounds, harboring genetic modifications assumed to be beneficial for L-
methionine production, were screened in following studies. The manuscript "L-methionine
producing mutants of Corynebacterium glutamicum isolated by biosensor-based high-
throughput screening" describes the successful isolation of L-methionine producing strains.
The best mutant strains were found to accumulate up to 8 mM L-methionine in the
supernatant. Whole genome sequencing of selected mutant strains revealed novel mutations in

genes of central metabolism and pathways contributing to L-methionine biosynthesis.

First application of the Lrp-biosensor in live cell imaging studies revealed variations in
doubling time, cell size, and most interestingly, single cell productivity in C. glutamicum
AaceE during L-valine production. The manuscript "Application of a genetically-encoded
biosensor for the single cell analysis of Corynebacterium glutamicum L-valine production
strains" describes in depth investigation of phenotypic structure in gradually engineered
C. glutamicum L-valine production strains based on C. glutamicum AaceE. In order to access
population dynamics during production processes, multiparameter FACS analysis of fed-
batch cultures cultivated in lab-scale bioreactors were performed as well as live cell imaging

studies of cells grown in microfluidic devices.

The last part of this section is a book chapter with the title "Development and application of
genetically-encoded biosensors for strain development and single cell analysis of
Corynebacterium glutamicum" which will be published in "Corynebacterium glutamicum:
Systems Biology, Biotechnological Applications and Control" edited by Prof. A. Burkovski.
This article introduces the general design and characterization of biosensor performance

features focusing on sensors which are based on regulatory circuits. Furthermore, an overview
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of currently available C. glutamicum biosensors and their application in biosensor-driven

strain development and single cell analysis is provided.
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1. Introduction

The Gram-positive soil bacterium Corynebacterium glutamicum
is used industrially for the production of over 2,160,000tons
of r-glutamate and over 1,330,000tons of r-lysine per year
(www.ajinomoto.co.jp/ir/ pdff/fact/Feed-useAA-Oct2010.pdf). This
bacterium has also been engineered for the production of other
amino acids such as v-serine (Peters-Wendisch et al., 2005), L-
isoleucine (Morbach et al., 1996) or r-valine (Blombach et al,
2007; Radmacher et al., 2002) or of products derived from amino
acids and their precursors such as 1,4-diaminobutane (Schneider
and Wendisch, 2010) or 1,5-diaminopentane (Kind et al., 2010;
Mimitsuka et al., 2007 ) and 2-ketoisovalerate (Krause et al., 2010).
Due to its importance for amino acid production the export of
amino acids by C glutamicum has been well characterized on the
biochemical and genetic level (Marin and Krimer, 2007). The pro-
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teins for export of L-lysine and t-threonine, respectively, were first
identified and characterized in C. glutamicum and LysE (Vrljic et al.,
1996) and ThrE (Simic et al., 2001) are eponymous for the respec-
tive protein families (Marin and Kramer, 2007; Vrljic et al., 1999).
LysE-mediated export of t-lysine, which cannot be catabolized by
C. glutamicum, ensures that this amino acid does not accumulate to
inhibitory concentrations within the cells (Vrljic et al., 1995; Vrljic
etal,, 1996). In the absence of LysE, feeding of the dipeptide L-lysyl-
t-alanine caused a growth arrest due to intracellular accumulation
of L-lysine up to 1.1 M (Vrljic et al., 1996). Under metabolically bal-
anced conditions, i.e. when uptake and synthesis of L-lysine match
the anabolic demand for this amino acid, L-lysine excretion would
represent wasted metabolic energy. Therefore, synthesis of LysE is
controlled by the transcriptional regulator LysG, which is encoded
by a gene transcribed divergently to lysE (Bellmann et al,, 2001).
LysG activates expression of lysE when the intracellular concentra-
tion of one of the basic amino acids t-lysine, L-arginine, L-citrulline
or L-histidine exceeds a certain threshold, e.g. a 20-fold activation
of lysE by LysG was observed at intracellular L-lysine concentrations
exceeding 30-40mM (Bellmann et al., 2001). However, besides
L-lysine only L-arginine is a substrate of LysE (Bellmann et al.,
2001).

Export of the branched-chain amino acid -isoleucine has also
been characterized in C. glutamicum and can be mediated by dif-
fusion or by a proton motive force-driven carrier (Ebbighausen
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Table 1
Bacterial strains and plasmids used in this study.
Strain or plasmid Relevant characteristics Reference
C. glutamicum strains
ATCC 13032 wild type (WT) Abe et al, (1967)

C. glutamicum A brnFE
C. glutamicum Alrp
13032irpStrep

bmFE deletion mutant

Irp deletion mutant

WT derivative expressing a C-terminally Strep-tagged Lrp obtained by integration of
pK19mobsacB-IrpSrep into chromosomal Irp locus

Kennerknecht et al. (2002)
This work
This work

E. coli strain
DH5a F-thi-1 endAl hsdrl 7(r-, m~ ) supEd4 AlacU1 69 @80lacZ AM15) recAl gyrA96 reld 1 Hanahan {1983)
Plasmids
PAN3K KanR, derivative of the E. coli expression vector pASK-IBA3C (IBA, Gottingen, Germany) for Niebisch et al. (2006)
anhydrotetracycline-inducible production of C-terminally Strep-tagged proteins, contains the
Kan® gene and the C, glutamicum replicon from pJC1 allowing plasmid replication and gene
expression in C glutamicum
PAN3K-Irp PANZK derivate for production of C-terminally Strep-tagged Lrp This work
PANSK KanR, derivative of the E. coli expression vector pASK-IBASC (1BA, Géttingen, Germany) for Niebisch et al. (2006)
anhydrotetracycline-inducible production of N-terminally Strep-tagged proteins, contains the
Kan® gene and the C. glutamicum replicon from p]C1 allowing plasmid replication and gene
expression in C glutamicum
PANSK-Irp PANSK derivate for production of N-terminally Strep-tagged Lrp This work
pET2 promoter probe vector Vasicova et al, {1098)
pET2-pirp PET2 with a 219 bp fragment of the Irp-brnF intergenic region Kennerknecht et al. (2002}
pET2-pbrnF PET2 with the promoter fragment in divergent orientation to pET2-pirp Kennerknecht et al. (2002)
pK19mobsacB KanR, vector for allelic exchange in C, glutamicum; {pK19 ortVe ., sacB, lacZe) Schafer et al. (1994)
pK19mobsacBA Irp Kan®, pK19mobsacB derivative containing a crossover PCR product covering the up- and This work
downstream regions of Irp
pK19mobsacB-rpStrep pK19mobsacB with the C-terminal part (bp 96-bp 453) of Irp fused to a C-terminal Strep-tag Il This work

([SA]WSHPQFEK)

et al., 1989; Hermann and Kramer, 1996; Kennerknecht et al.,
2002; Morbach et al., 1996; Zittrich and Kramer, 1994). This carrier,
the two-component permease BrnFE, belongs to the LIV-E trans-
porter family (Eggeling and Sahm, 2003; Marin and Krimer, 2007)
together with the AzICD system for azaleucine-resistance from B.
subtilis (Belitsky et al., 1997). In C. glutamicum, BrnFE is the only car-
rier for export of L-isoleucine, i-leucine and t-valine (Kennerknecht
et al., 2002). BrnFE also exports L-methionine, but is not essen-
tial for export of this amino acid in C. glutamicum (Trétschel et al.,
2005).

Regulation of export of the branched-chain amino acids has not
been studied in detail, but is known that high intracellular con-
centrations of the BrnFE substrate amino acids lead to increased
export and brnF RNA levels (Hermann and Kramer, 1996; Trétschel
et al., 2005). In Escherichia coli, export of L-leucine is mediated by
leuE (Kutukova et al., 2005) and induction of leuE by 1-leucine is
mediated by the leucine-responsive protein Lrp, a global regula-
tor of gene expression in this bacterium (Brinkman et al., 2003;
Yokoyama et al., 2006). Whereas Lrp from E. coli is a global regula-
tor and its regulon comprises hundreds of genes (Tani et al., 2002),
its paralog AsnC in E. coli (Kélling and Lother, 1985) and most of its
homologs in other organisms such as BkdR in Pseudomonas putida
(Madhusudhan et al., 1995) are specific regulators of only very
few amino acid-metabolism related genes (Brinkman et al., 2003 ).
In C. glutamicum, an Lrp-like protein is encoded by a gene tran-
scribed divergently to brnFE and the divergent promoters within
the 74 bp intergenic region have overlapping —35 promoter regions
(Kennerknecht et al., 2002; Patek et al., 2003). For both genes lead-
erless transcripts are formed as the transcriptional start sites and
the first base of the start codon are identical (Patek et al., 2003).
Disruption of Irp abrogated export of L-isoleucine by C. glutamicum
(Kennerknecht et al., 2002). While this observation led to the sug-
gestion that Lrp activates BrnFE gene expression (Kennerknecht
et al., 2002), gene expression changes due to deletion of Irp in C
glutamicum could not be observed (Hayashi et al., 2006). There-
fore, we aimed at characterizing Lrp-dependent regulation in C
glutamicum.

2. Materials and methods
2.1. Bacterial strains, plasmids, media and growth conditions

Bacterial strains and plasmids used in this work are listed
in Table 1. E. coli was cultivated at 37°C and C. glutamicum at
30°C. Cultivations in 500-ml baffled shake flasks were agitated at
120rpm. For the determination of growth rates, chlorampheni-
col transacetylase (CAT) assays and for analyses of the global
gene expression of C. glutamicum, a first preculture in 5ml CGIII
medium (Menkel et al., 1989) was inoculated from a fresh LB
(Sambrook and Russell, 2001) agar plate and cultivated overnight
in a test tube. Cells were harvested and used to inoculate 60 ml
CgXll medium (Keilhauer et al., 1993) containing 0.03 g/l pro-
tocatechuic acid and 0.2 M glucose. This second preculture was
grown overnight in a 500 ml-baffled shake flask. The main cul-
ture was inoculated with cells from the second preculture and
grown under the same conditions. When indicated, branched-
chain amino acids were added to CgXIl medium before adjusting
the pH and autoclaving. For CAT assays and transcriptome anal-
ysis, the CgXIl preculture contained the same supplements as
the main culture to ensure full adaptation (growth under con-
stant conditions for at least ten generations) and main cultures
were harvested in the exponential growth phase as described
(Lange et al, 2003). When needed, 25pg of kanamycin/ml
or 20pg of chloramphenicol/ml was added to the cultivation
media.

2.2. Construction of plasmids and strains

E. coli DH50e was used for the construction of plasmids. Genes
were amplified by PCR {Expand High Fidelity PCR Kit, Roche,
Mannheim, Germany) with genomic DNA of C. glutamicum ATCC
13032 as a template (Eikmanns et al., 1994). For ligation of DNA,
the Rapid DNA Ligation Kit (Roche, Mannheim, Germany) was
used according to the manufacturer's instructions. Plasmids were
prepared with the QIAprep Spin Miniprep Kit (Qiagen, Hilden,
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Germany) and after checking inserts by DNA sequencing they were
transformed to E. coli according to (Inoue et al., 1990) or to C. glu-
tamicum according to (van der Rest et al., 1999). For the expression
of Lrp carrying a C-terminal Strep-tag Il (N-(SA)WSHPQFEK-C) in
C. glutamicum and E. coli, the plasmid pAN3K-lrp was constructed.
For this purpose, Irp of C. glutamicum was amplified using the
primers 5'-ATGGTAGGTCTCAAATGAAGCTAGATTCCATTGATCGCGC-
3' (the wunderlined nt corresponds to nt 276754 of
NC003450, the Bsal site is given in bold) and 5'-
ATGGTAGGTCTCAGCGCTCACCTGGGGGCGAGCTGGTT-37 (the
underlined nt corresponds to nt 276302 of NC003450, the
Bsal site is given in bold) and cloned into pAN3K using
Bsal sites. Accordingly, pANSK-lrp for the expression of a N-
terminally Strep-tagged Irp was constructed using the primers
5'-ATGGTAGGTCTCAGCGCCATGAAGCTAGATTCCATTGATCGC-3/
and 5'-ATGGTAGGTCTCATATCACACCTGGGGGCGAGCTGGT-3"
For in frame deletion of Irp in C glutamicum 13032 the plasmid
pK19mobsacBAlrp was constructed according to (Link et al., 1997).
The 5' flanking region of Irp was amplified using the primers
5'-GGCGCCCGGGCGCGTGOGC-3' (the underlined nt corresponds
to nt 273828 of NC003450, the Xmal site is given in bold) and 5'-
CCCATCCACTAAACTTAAACAAATGGAATCTAGCTTCATATATTGCAC-3'
(the underlined nt corresponds to nt 276737 of NC003450,
the linker sequence is given in italics), while primers
5'-TGTTTAAGTITAGTGGATGGGGCTATGAAAGTGGTGAAACCAGCT-

3" (the wunderlined nt corresponds to nt 276337 of
NC003450, the linker sequence is given in italics) and
5'-CCGGTCTAGAGGATCCGCAATTCC-3" (the underlined nt cor-
responds to nt 275968 of NC003450, the Xbal site is given in bold)
were used for amplification of the 3’ region of Irp. These PCR
fragments were amplified in a cross-over-PCR with the shorter
primers as described by (Link et al., 1997) and the resulting cross-
over-PCR fragment encoding an Lrp derivative with CLSLVDG
replacing amino acids 7-139 was cloned into pK19mobsacB
(Schafer et al., 1994) using Xmal and Xbal restriction. Gene deletion
mutagenesis with the resulting plasmid pK19mobsacBAlrp was
performed as described previously (Peters-Wendisch et al., 1993).
PCR with the primers 5'-TTTGCTGCAGGTTTGCGCACCTCAACTAG-3'
(the underlined nt corresponds to nt 276798 of NC003450) and
5'-CATGGGATCCGTCCTTCACTAGATG-3' (the underlined nt corre-
sponds to nt 276245 of NC003450) was used to verify the deletion
of Irp. The strain Alrp was further checked by Southern blot analy-
sis with Sphl and Pstl fragments of genomic DNA (restriction in the
regions flanking Irp) and DIG-labelled DNA probes. As expected, an
internal Irp probe gave a signal in the C. glutamicum wild type, not
in the Irp deletion mutant, while a full-length Irp probe detected
shorter fragments in Alrp compared to the wild type (data not
shown).

To generate a strain derived from C glutamicum 13032,
which expresses C-terminally Strep-tagged Lrp from the genomic
Irp locus, the plasmid pK19mobsacB-IrpStrep was constructed.
The base pairs 96-453 of Irp were amplified using primers
5'-GAATTCCGGGACCTTGCTTGAGGAGGG-3'  (the  underlined
nt corresponds to nt 276659 of NC003450, the EcoRl site
is given in bold) and 5-CGGGATCCTTATTTTTCCGAACTGCGGG-
TGGCTCCAAGCGCTCACCTGGGGGCGA-3' (the underlined nt corre-
sponds to nt 276302 of NC003450, the BamHI site is given in bold)
introducing the Strep-tag 1l sequence (highlighted in italics). The
PCR product was cloned into pK19mobsacB using EcoRI and BamHI
sites. C. glutamicum was transformed with the resulting plasmid
pK19mobsacB-lrpStrep, site-specific integration of the plasmid
into the Irp genomic locus was checked by PCR with the primers
5'-GCGCGAATGCGCGCATCTCA-3' (the underlined nt corresponds
to nt 276711 of NC0O03450) and 5'-AACTGCGGGTGGCTCCAAGC-3'
which is homologous to the plasmid-encoded Strep-tag IL. As
expected, only C. glutamicum 13032lrpStrep yielded a PCR product

of the expected size, while no signal was obtained with ATCC
13032 or the plasmid pK19mobsacB-IrpStrep.

2.3. Global gene expression analysis using C. glutamicum DNA
microarrays

The preparation of total RNA was performed as described previ-
ously (Lange et al., 2003; Sindelar and Wendisch, 2007; Wendisch,
2003). Isolated RNA samples were analysed for quantity and
quality by UV spectrophotometry and denaturing formaldehyde
agarose gel electrophoresis (Sambrook et al., 1989), respectively,
and stored at —70°C until use. The production of whole-genome
C. glutamicum DNA microarrays (Wendisch, 2003), synthesis
of fluorescently labelled cDNA from total RNA, hybridization,
washing and data analysis were performed as described pre-
viously (Ishige et al, 2003; Lange et al., 2003; Polen et al.,
2003).

2.4. Identification of DNA sequences bound by Lrp in vivo
(ChIP-to-chip analysis)

Forthe identification of the genomic binding sites of Lrp, we per-
formed ChIP-to-chip experiments (Brocker and Bott, 2006; lyer et al.,
2001; Pollack and lyer, 2002) using C. glutamicum 13032lrpStrep
that expresses a C-terminally Strep-tagged Lrp (LrpStrep) from
the genomic Irp locus (see above and Table 1). C. glutamicum
130320rpStrep and 13032 precultured in 50ml LB medium in a
baffled 500 ml-shake flask overnight were used to inoculate 0.51
LB in a baffled 21-shake flask to a ODggp of 0.5. Cells were grown
to an ODgpg of 6.0 and harvested by centrifugation. To crosslink
DNA bound by DNA-binding proteins, formaldehyde in a concen-
tration of 1% (v/v) was added to the harvested cells in 10ml TE
buffer (100 mM Tris, 1 mM EDTA, pH 8.0) and the mixture was incu-
bated at room temperature for 20 min under slight agitation. After
excessive formaldehyde was inactivated by addition of 125 mM
glycine, the formaldehyde-treated cells were collected by cen-
trifugation (10 min, 3500 x g, 4°C), washed twice with 50ml TE
buffer and resuspended in 10 mI TE buffer containing Complete Pro-
tease Inhibitor (Roche, Mannheim, Germany). Cell disruption was
achieved by 5 passages through a French pressure cell at 172 MPa
followed by two sonication steps (30s, intensity of 1, pulse length
of 40%; Sonifier UP200s, Dr. Hielscher GmbH, Teltow, Germany)
to reduce the length of protein-bound DNA fragments to about
50-600bp as judged by gel electrophoresis. Subsequently, Strep-
Tactin affinity chromatography was performed for the purification
of LrpStrep (see below). The purified, crosslinked DNA-protein
complexes in the elution fractions were incubated with 1% (wjv)
SDS at 65 =C over night and treated with 20 g proteinase K (Roche,
Mannheim, Germany) at 55°C for 3h before DNA was extracted
with phenol/chloroform and precipitated with ethanol and sodium
acetate (Sambrook and Russell, 2001). The DNA was solved in
100l 10mM Tris-HCl, pH 7.6, 1mM EDTA, the concentration
was determined spectrophotometrically and quality and length of
the DNA fragments were checked by agarose gel electrophoresis
(Sambrook and Russell, 2001). Two micrograms of DNA purified
from 13032IrpStrep and from the wild-type control were fluo-
rescently labelled using either FluoroLink Cy3-dUTP or Cy5-dUTP
(Amersham FPharmacia, Freiburg, Germany) and the BioPrime DNA
Labeling System (Invitrogen, Karlsruhe, Germany) according to the
manufacturer's protocol. Inactivation of the enzyme and purifica-
tion of the labelled DNA probes with Microcon YM-30 filter units
(Millipore, Schwalbach, Germany) was performed as described
before (Khodursky et al., 2003). Both probes were simultane-
ously hybridized to a C. glutamicum DNA microarray as described
before (Lange et al., 2003; Sindelar and Wendisch, 2007; Wendisch,
2003). Higher hybridization signals for the probe obtained from
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13032[rpStrep than from wild type indicated direct binding of Lrp-
Strep to this DNA sequence in vivo.

2.5. Purification of Lrp

For the purification of Lrp carrying a C-terminal Strep-tag 1
(LrpStrep) by Strep-Tactin affinity chromatography (Skerra and
Schmidt, 2000), 500ml LB medium in a 2-l-baffled shake flask
was inoculated to an ODggp of 0.1 with E. coli DH5w(pAN3K-Irp)
(see above and Table 1) from an overnight pre-culture in 50 ml LB
medium (Sambrook and Russell, 2001) in a 500 ml-baffled shake
flask. After 2h at an ODggp of 0.5, expression of the plasmid-
encoded Irp gene under the control of a tet promoter (Ptet) was
induced by the addition of 0.2 p.g anhydrotetracycline/ml (Skerra,
1994). At an ODggg of 1.3 (2 h after induction) 500 ml of the culture
were harvested by centrifugation (10 min, 11325 = g, 4°C), washed
with 250ml 100mM Tris, 1mM EDTA, pH 8.0 and suspended
in 10ml of this buffer containing Complete Protease Inhibitor
(Roche, Mannheim, Germany). Cells were disrupted by 3 pas-
sages at 108 MPa through a French pressure cell. The cell-free
extract was obtained by centrifugation (20 min, 27000 = g, 4°C).
The cytosolic fraction was separated from the membrane frac-
tion by centrifugation (1h, 150,000 = g, 4°C) and incubated with
10 g avidin at 4°C for 30 min to block biotinylated proteins. The
cytosolic fraction was applied onto a column containing 4 ml 50%
(w/v) Strep-Tactin sepharose equilibrated with 5ml 100 mM Tris,
1mM EDTA, 100mM Nacl, pH 8.0 (buffer W). The column was
washed 5 times with 2 ml of buffer W and bound proteins were
eluted in 8 fractions of 1 ml with buffer W containing 2.5 mM
desthiobiotin. For regeneration, the column was washed with 30 ml
buffer W containing 1 mM 2-(4-hydroxyphenylazo) benzoic acid
and subsequently with 16 ml buffer W. The concentration of the
isolated protein was determined according to Bradford (1976)
using a reagent provided by Sigma (Taufkirchen, Germany), the
purity of the protein was checked by SDS polyacrylamide gel
electrophoresis (10% NuPAGE Bis-Tris gel system, Invitrogen, Karl-
sruhe, Germany) and Coomassie staining (Gel Code Blue Stain
Reagent, Pierce Chemical Company, Rockford, USA). In two purifi-
cations, about 1.5mg LrpStrep (18 kDa) were purified to more
than 95% purity from E. coli DH5c(pAN3K-Irp). The identity of
LrpStrep was verified using StrepTactin-alkaline phosphatase con-
jugate and colorimetric detection in gelo as described for Western
blots (Skerra and Schmidt, 2000) as well as by matrix-assisted laser
desorption ionization-time of flight mass spectrometry as previ-
ously described (Fountoulakis and Langen, 1997; Schaffer et al.,
2001).

2.6. Electrophoretic mobility shift assay

To test the binding of Lrp protein to the intergenic region of
Irp-brnFE purified protein was incubated with the DNA fragment
(197 bp, final concentration 100 ng) in a total volume of 20 pl. The
binding buffer contained 10mM Tris/HCl, pH 7.5, 50mM Nacl,
5mM MgCly, 2.5mM CaCly, 5% (v/v) glycerol, 0.05% (v/v) Triton
X-100, and 0.5mM EDTA. DTT (0.5mM final concentration) was
freshly added prior incubation. A DNA fragment containing the gntk
promoter region (100 ng) was used as negative control. The reac-
tion mixtures were incubated at room temperature for 20 min and
then loaded onto 10% native polyacrylamide gels. Electrophoresis
and staining with SYBR Green | (Sigma-Aldrich) was performed as
described previously (Wennerhold et al,, 2005). All PCR products
used in the gel shift assays were purified with a PCR purifica-
tion kit (Qiagen) and eluted in EB buffer (10mM Tris/HCl pH
8.5).

2.7. Gel filtration

For the determination of the molecular weight of LrpStrep puri-
fied protein was loaded on a Superdex™ 200 10/300 GL prep grade
column (GE Healthcare) using the Akta FPLC System (Amersham
Biosciences) and 50 mM NaH;PO,, pH 8.0, 50 mM NaCl with 0.01%
Triton X-100 (v/v) as running buffer. Apparent molecular masses
were estimated by comparison to a mass standard kit (Kit for Molec-
ular Weights 6500-66,000, Sigma) consisting of aprotinin (6.5 kDa),
cytochrome ¢ (12.4kDa), carbonic anhydrase (29 kDa) and bovine
serum albumin (66 kDa).

2.8. DNase I footprinting

DNase | footprinting experiments (Galas and Schmitz, 1978)
were performed to identify the binding site of Lrp in the brnF-
lrp promoter region C-terminally Strep-tagged Lrp (LrpStrep) was
purified from E. coli (pAN3K-Irp) as described above. Eluted Lrp-
Strep was transferred into 10 mM Tris-HCl, pH 8.0 by gel filtration
with Sephadex G-25 columns (PD-10 column; Amersham Pharma-
cia, Freiburg, Germany). The column was equilibrated with 10ml
Tris-HCl, 2 ml protein solution and 0.5 ml 10 mM Tris-HCI, pH 8.0
were added and the protein was eluted in four fractions of 1 ml
10 mM Tris—HC, pH 8.0. The protein concentration was determined
according to Bradford (1976) using a reagent provided by Sigma
(Taufkirchen, Germany).

The sequence about 350bp upstream to 50bp downstream
of the transcription start site of Irp was first amplified using
primers 5'-IRDB00-ATGTGGTGAGCGCGATGGCG-3" (the under-
lined nt corresponds to nt 277129 of NC003450) and 5'-
GCACCTTGTCAGCCAGTGCG-3' (the underlined nt corresponds to
nt 276667 of NC003450) or primers CATCTGGTTCCAGGGCTGCC
(the underlined nt corresponds to nt 276898 of NC003450) and
5'-IRDB00-TCAGCAACGCCGATGCGGAC-3' (the underlined nt cor-
responds to nt 276414 of NC003450). The labelled PCR products
were purified using Microcon YM-30 columns (Millipore, Schwal-
bach, Germany). The binding reactions were carried out in a volume
of 200l and contained 0.6 pmol labelled PCR product, 10 mM
Tris—HCl pH 7.5, 0.5mM EDTA, 5% (v/v) glycerol, 0.5mM DTT,
0.005% (v/v) Triton X-100, 50 mM Nacl, 5 mM MgCly, 2.5 mM CaCls,
6 pmol poly(dI-dC) as a competitor (Sigma, Taufkirchen, Germany),
branched-chain amino acids and different amounts of Lrp (0-20 p.g)
and were incubated for 30 min at room temperature. After Lrp-
Strep binding, the DNA probe was partially restricted by addition of
5l 0.25 pg/ml DNase | in DNase [ buffer (10 mM Tris-HCl pH 8.0,
5mM MgCl, 5 mM CaClz, 50 mM KCl, 1 mM DTT) and 2 min incuba-
tion at room temperature. The restriction was stopped by addition
of 700 .1 cold 88% ethanol (v/v) containing 20 j.g salmon sperm
DNA and 0.65M ammonium acetate and the DNA was precipitated
over night at -20°C. After centrifugation (40 min, 14,500 = g, 4°C)
and washing with 500 pl 70% ethanol (v/v), the DNA was dried
and resolved in 2.5 pl water and 2.5 pl formamide loading buffer
(Thermosequenase kit, Amersham Pharmacia, Freiburg). The cor-
responding unlabelled PCR product was generated and used as
template for a sequencing reaction with the respective IRD800
labelled primer using the Thermosequenase kit (Amersham Phar-
macia) according to the manufacturer's instructions. A DNase |
footprinting reaction together with the corresponding sequencing
reactions was separated on a polyacrylamide gel using the LI-COR
4200 DNA sequencer (MWG Biotech, Ebersberg) as indicated by the
manufacturer.

2.9. Chloramphenicol acetyltransferase reporter assays

C. glutamicum was grown in CgX1l minimal medium as described
above, harvested by centrifugation, washed with 50ml 0.08 M
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Tris—HCl pH 7.0 and resolved in 1ml of this buffer. Cells were
disrupted by sonication for 10min on ice (intensity 20%, pulse
length 20%; Sonifier W-250, Branson-Emerson, Danbury, Conn.).
The supernatant obtained by centrifugation (1h, 14,500 « g, 4°C)
was used for activity measurements. Chloramphenicol acetyltrans-
ferase activity was assayed photometrically at 412 nm as described
previously (Shaw, 1975; Wendisch et al., 1997)in 1 ml of a solution
of 100mM Tris-HCl (pH 7.8), 1 mM 5,5-dithiobis-2-nitrobenzoic
acid (£4y2pm = 13.6mM~! cm~'), 0.1 mM acetyl-CoA, and 0.25 mM
chloramphenicol. One unit of activity was defined as 1 pmol of
chloramphenicol acetylated per min at 37 °C.

3. Results

3.1. r-Isoleucine-dependent gene expression changes in
C. glutamicum ATCC 13032 and the Irp deletion mutant
C. glutamicum Alrp

Previous studies revealed that an Lrp-like regulatory gene
(Irp, NCgl0253) is required for active export of L-isoleucine in
C. glutamicum as Irp mutants did not show L-isoleucine export
(Kennerknecht et al., 2002). As r-isoleucine is exported by the
two-component permease BrnFE, which is encoded by an operon
transcribed divergently to Irp, it was suggested that Lrp activates
BrnFE gene expression (Kennerknecht et al., 2002). Feeding L-
isoleucine dipeptides resulted in high brnF RNA levels (Trotschel
et al, 2005).

Growth of an in-frame deletion mutant of Irp was monitored in
glucose minimal medium without and with addition of branched-
chain amino acids or t-methionine and compared to growth of
the parent strain and of a brnFE deletion mutant. While growth
of C. glutamicum ATCC 13032 was hardly affected by the addi-
tion of L-isoleucine, t-leucine, L-valine (Table 2) or L--methionine
(data not shown), strains C. glutamicum Alrp and C. glutamicum
AbrnFE showed slowed growth when branched-chain amino acids
were added to the medium (Table 2). Ectopic expression of Irp
alleviated the growth defect of Alrp when grown in the presence
of L-isoleucine or r-leucine at least partially. Without induction
by anhydrotetracycline, C. glutamicum Alrp(pAN5SK-Irp) showed
growth rates of 0.20h~! and 0.20h~!, respectively, in the pres-
ence of L-isoleucine and r-leucine, respectively, and of 0.31h!
and 0.26 h~!, respectively, after induction by anhydrotetracycline
(Table 2).

DNA microarray experiments were performed to compare
global gene expression changes due to addition of L-isoleucine
for C. glutamicum WT and an Irp deletion mutant (see Section
2). For C. glutamicum wild type, the addition of r-isoleucine to
CgXll glucose minimal medium resulted in significant expres-
sion changes of 5 genes: increased RNA levels for brnF and brnE
and decreased transcript levels of 3 other genes (Table 3). In C.
glutamicum Alrp, 18 genes were differentially expressed when -
isoleucine was added to the medium including ripA and members

Table 2
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of the RipA regulon coding for proteins involved in the iron star-
vation response (Wennerhold et al., 2005). However, RNA levels of
brnF and brnE were unaltered in the Irp deletion mutant in response
to L-isoleucine addition. Taken together, these results revealed
that increased expression of the brnFE operon in the presence of
L-isoleucine depends on Lrp and suggested that Lrp positively reg-
ulates brnFE either directly or indirectly.

3.2. Identification of putative Lrp target genes by ChiP-to-chip
analysis

For the identification of Lrp binding sites on the C. glutamicum
chromosome, a variant of the so-called ChIP-to-chip analysis was
performed. A C. glutamicum strain expressing C-terminally Strep-
tagged Lrp from the chromosome was constructed and named
IrpStrep (see Section 2). To determine if the Strep-tag affects Lrp
function, growth of the C. glutamicum strains ATCC 13032, Alrp
and 13032IrpStrep was compared (Table 2). 13032lrpStrep did not
show a similar growth defect as described for Alrp in the presence
of branched-chain amino acids, but grew comparably to the wild
type ATCC 13032.

C. glutamicum strains ATCC 13032 and 13032IrpStrep
were cultivated in LB medium and exponentially growing
cells were harvested and subjected to ChIP-to-chip analysis
(DNA-protein cross-linking, Streptactin affinity purification of
DNA-LrpStrep-protein complexes and identification of the DNA
in the DNA-LrpStrep-protein complexes by DNA microarray
hybridization as described in Section 2). DNA enriched in the
DNA-LrpStrep-protein complexes more than 1.5-fold (average
of four experiments; two biological and two technical replicates)
were brnF (3.0-fold), Irp (1.8-fold), NCgl1200 (2.1-fold) and trpA
(1.7-fold). It is not clear whether Lrp binds upstream of NCgl1200
or of the last gene of the trp operon, trpA, as both genes were not
differentially expressed in ATCC 130322 and C. glutamicum Alrp
in the presence of L-isoleucine (Table 3). By contrast, enrichment
of the divergently transcribed [rp and brnF in the ChIP-to-chip
experiments is in agreement with the results of the gene expres-
sion analysis (Table 3) for brnFE and suggested that Lrp might
bind to the Irp-brnF intergenic region to activate expression of
brnFE.

3.3. Binding of Lrp to the intergenic region of Irp and brnFE

To test for a direct interaction of Lrp with the intergenic region
of [rp-brnFE in vitro gel shift assays were performed using purified
Lrp protein. For this purpose, the Lrp protein containing a carboxy-
terminal StrepTag-1l was overproduced in E. coli BL21 (DE3) and
purified to apparent homogeneity by affinity chromatography. DNA
fragments covering the intergenic region of Irp-brmFE were incu-
bated with increasing concentrations of purified Lrp protein and
subsequently separated on a 10% native polyacrylamide gel. As
shown in Fig. 1, the intergenic region of [rp-brmFE was completely

Growth of various C. glutamicum strains in glucose minimal medium in the presence or absence of branched-chain amino acids.

C. glutamicum strain

Growth rate [h~'] in glucose minimal medium?®

- +100 mM r-leucine

+100mM r-isoleucine +100 mM r-valine

13032 042 0.34
AbrnFE 0.41 023
Alrp 040 022
Alrp(pANSK-Irp) without anhydrotetracycline 035 0.20
Alrp(pANSK-Irp)+0.2 mg/l anhydrotetracycline 036 0.31
13032irpStrep 040 035

035 039
024 034
022 0.34
020 033
0.26 035
033 038

2 Growth rates were determined from triplicate growth experiments with CgXIl minimal medium with glucose as carbon source and the indicated concentrations of amino
acids and anhydrotetracycline. Where appropriate, 25 pg/ml kanamycin was added. Standard deviations were below 10%.
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Table 3
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Global gene expression analysis of C glutamicum 13032 and Alrp in response to L-isoleucine addition.

Gene? Gene name and/or annotation® Relative RNA level + L-isoleucine
C. glutamicum C. glutamicum
13032% Alrp*

cg0310 katA; catalase 15 22
cg0314 brnF; branched-chain amino acid permease 20 11
cg0315 brnE; branched-chain amino acid permease 20 1.0
cg0471 conserved secreted protein nd. 0.4
cg588 hypothetical protein nd. 05
cg0589 ABC-type transporter, ATPase nd. 04
cg0500 ABC-type transporter, permease nd. 0.5
cgl762 prp(C2; methyl citrate synthase 07 04
cg0768 ABC-type transporter, ATPase 07 0.5
g7 irpl; iron responsive protein 1 08 0.4
cg0928 ABC-type transporter, ATPase component 09 0.5
cg1120 ripA: AraC-type transcriptional regulator 07 04
cg1129 aroF; Phospho-2-dehydro-3-deoxyheptonate aldolase 07 0.3
g3 narl; nitrate reductase gamma subunit nd. 22
cgl1343 narH: nitrate reductase beta chain 17 23
cg1376 ssul1: alkanesulfonate monoxygenase 05 1.0
cg1377 s5uC; sulfonate ABC transporter, permease 0.5 1.0
cg1376 ssuB; sulfonate ABC transporter, ATPase 0.5 08
cg1737 acn; aconitase 19 23
g2312 £ip: hydroxypyruvate isomerase 1.0 0.4
cg2560 aced; isocitrate lyase 0.6 0.5
cg3022 hypothetical protein 18 32
cg3404 ABC-type transporter, binding protein 07 04

* Gene identifiers and annotations are given according to BX027 147,
E The mRNA levels were derived from nine experiments,

© The mRNA levels were derived from four experiments. mRNA levels =2 or =0.5 are shown in bold. Only values for genes whose mRNA ratio was altered significantly
(p=<0.05). and at least two-fold in one or both of the transcriptome comparisons are showrn.

shifted at a 20-fold molar excess of Lrp protein. In contrast, no spe-
cific shift was observed with a DNA fragment covering the promoter
of gntK used as negative control. Addition of putative effectors
(L-methionine, i-leucine, L-isoleucine, and r-valine) resulted in a
slightly (only recognizable at 10-fold excess of protein, Fig. 1), but
not significantly higher affinity of Lrp to the target DNA.

negative control

without effector

In further experiments, DNase | footprinting was performed
to identify the Lrp binding motif within the intergenic region of
[rp-brnF. Here, Lrp binding was assayed in the presence of the puta-
tive effectors r-valine, L-leucine and r-isoleucine (25 mM each).
Under the chosen conditions the protected region extended from
about —35nt relative to the transcription start site of brnF to +25

+ L-methionine

molar

excess 0 5 10 20 0 5 10 20 5 10 20
wEh SEEIEEE
+ L-leucine + L-isoleucine + L-valine

molar

excess 0 5 10 20 5 10 20 0 5 10 20

T HpW
b L

BEIET
Wil bl

-

Fig. 1. Electrophoretic mobility shift assays (EMSA) with purified Lrp protein and the intergenic region of Fp-brnFE. DNA fragments covering the Irp-brnFE intergenic region
(197 bp) and the promoter of gntk (138 bp) as negative control were incubated without and with increasing amounts of purified Lrp protein. When indicated, 25mM of
the putative effector amino acids t-methionine, L-leucine, L-isoleucine, or L-valine were added. Subsequently, the samples were separated by native polyacrylamide gel

electrophoresis (10%), and the DNA was stained with SYBER Green [
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o

C 5'-GCGTTTTTTGCACACTACAATCATCACACAATTGCCGEGTAGTTTTGHN

3\ -CGCAAAAAACGETGTGATGTTAGTAG TG TGTTARCGG CCCANSARANC

brnF  +1 -10 -35
-35 -10 +1 lrp
— —
CAGTTTGCGCA CTAGGC GC GAAGCTA CATT
BrcarnceceTHEAGTTGATCCE ACGTTAT TCGAT GTAA

crugelclolelCAATT ATTGCGGAGCT TAGCGC GAATGC GCGCATCTCAAATCTCGC -3
CGTTAATAACGCCTCGAATCGCECTTACGCGCGTAGAGTT TAGAGCE-5Y

Fig. 2. DNAse footprint analysis of the Irp-bmF intergenic region. 0.6 pmol IRDB00-labelled DNA of (A) the Irp coding strand and (B) the complementary brnF coding strand
were incubated with different amounts of LrpStrep as indicated above the lanes in the presence of 25 mM each L-valine, L-leucine and L-isoleucine, After DNase | treatment,
the resulting DNA fragments were separated on a polyacrylamide gel next to sequencing reactions performed with the corresponding [RDE00 labelled primer and ddNTPs.
Regions protected from DNase | degradation in the presence of Lrp are marked by lines and hypersensitive regions by asterisks. (C) The intergenic region between the open
reading frames (bold) of brnF and Irp is shown with the start codons, —10 and —35 regions (lines) and the transcriptional start sites (+1) as defined by (Kennerknecht et al.,
2002), Sequences protected by Lrp in the DNase | footprints are highlighted by black boxes,

relative to the transcription start site of Irp, suggesting activa-
tion of brnF transcription by Lrp and negative autoregulation of
Irp itself. Furthermore, distinct hypersensitive sites were detected,
indicating DNA bending as a result of Lrp binding. Altogether seven
protected regions were present on both strands of DNA, except one
region only being present on the brnF template strand (Fig. 2). In

fact, protection of more than hundreds of nt is a typical feature of
representatives of this family of regulators and was reported in sev-
eral studies to correlate with the formation of multimeric states of
Lrp-type regulators (Brinkman et al., 2003). However, the native
mass of LrpStrep determined by size exclusion chromatography
was found to be ~36 kDa (calculated monomeric mass: 17.8 kDa),
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mM L-lewcine
A C G T 75 &0 20 10 2 1 05 01 005 0

Fig. 3. Effects of L-leucine on binding of Lrp to the brnF-Irp intergenic region. DNase
| footprinting was performed asin Fig. 2A with 10 g LrpStrep and 0.6 pmol labelled
DNA, but only L-leucine was present in the concentrations indicated above the lanes.
The cutout includes the lowest Lrp protected band from Fig. 2A marked by the arrow.

indicating that Lrpin a non-DNA-bound state forms a homodimerin
C. glutamicum (data not shown). In addition, increasing concentra-
tions of L-leucine were tested to investigate the effector dependent
binding of Lrp to DNA. As shown in Fig. 3, at concentrations above
10-20mM r-leucine protection of distinct DNA regions against
DNase I cleavage could be demonstrated.

34. Analysis of transcriptional fusions

In order to determine if Lrp activates brnFE and if Lrp is subject
to autoregulation transcriptional fusions of the promoter regions of
brnFE and Irp were constructed and their expression assayed in C.
glutamicum WT and C. glutamicum Alrp during growth in glucose
minimal medium in the presence or absence of the amino acids
L-leucine, L-isoleucine, L-valine and L-methionine. The addition of
L-leucine, L-isoleucine, t-valine and L-methionine induced expres-
sion of the brnF'-'cat fusion (Table 4). Expression of the brnF'-'cat
fusion was comparably high (0.35-0.41U/mg) when 200mM L-
valine, 100 mM r-isoleucine or 25 mM L-leucine were added to the
medium, while it was two-fold lower when 25 mM r-methionine
was added (Table 4). Thus, the inducing effects of these amino acids
when added to the growth medium were highest with L-leucine and
decreased in the order L-leucine > L-methionine > L-isoleucine > L-
valine. Deletion of Irp led to very low or undetectable (0.02 or
<0.01U/mg) expression of the brnF-'cat fusion indicating that Lrp
activates expression of brnFE.

Expression of the Irp'-'cat fusion was lower than that of the
brnF-'cat fusion and was hardly influenced by the addition of amino
acids or by the presence or absence of Irp (Table 4). Thus, no indica-
tion that expression of Irp is subject to autoregulation or is affected
by addition of L.-methionine or branched-chain amino acids was
obtained.

4. Discussion

Lrp from C. glutamicum was shown to directly activate brnFE
expression when branched-chain amino acids or L-methionine
were added to the medium. The stimulating effect of amino acids
added to the growth medium was ranked in descending order: -
leucine > L-methionine > L-isoleucine > L-valine. Previously, feeding
the dipeptide L-methionyl-.-methionine was shown to result in
stronger and faster increases of the brnF RNA level in C. glutamicum
wild type than feeding of the dipeptide L-isoleucyl-L-isoleucine
(Trotschel et al., 2005). Clearly, further intricate experiments, in
which fixed intracellular amino acid concentrations have to be
adjusted as e.g. described for LysG (Bellmann et al., 2001), are
required to compare the different stimulatory effects of these
amino acids under in vivo conditions. Moreover, Lrp proteins
may respond to a wider range of amino acids than is typically
appreciated as e.g. Lrp from Mycobacterium tuberculosis also binds
L-phenylalanine, L-tyrosine, L-methionine, L-histidine, -lysine, L-
arginine, L-proline, L-threonine and r-glutamine (Shrivastava and
Ramachandran, 2007). Similarly, Lrp from E. coli also responds to L-

alanine and t-methionine, which have been demonstrated to func-
tion as corepressors in this bacterium (Hart and Blumenthal, 2011).

E. coli possesses three Lrp-like proteins (Lrp, AsnC and the
uncharacterized YbaO) and B. subtilis possesses LrpC and six simi-
lar proteins. Besides [rp (cg0311), C glutamicum possesses only one
further gene encoding a putative transcriptional regulator of the
Lrp family, cg2942, which is divergently transcribed to gene coding
for a putative RhtB-type export system (Marin and Kramer, 2007).
C. glutamicum also possesses paralogs of brnF and brnE, cg3412 and
cg3413, which, however, are separated from the second Irp-like
gene (cg2942) by about 460 kb. Neither the function of the Lrp-like
protein (cg2942) nor of the BrnFE-like putative transport system
has yet been characterized.

DNA-binding sites of Lrp-type transcriptional regulators often
exhibit rather low sequence conservation and lack perfect sym-
metry elements (Cui et al., 1995; Ouhammouch and Geiduschek,
2001; Peeters et al., 2004). In this study, DNase I footprinting exper-
iments revealed binding of Lrp to several AT-rich regions within
the intergenic region of [rp-brnFE extending over approx. 75bp
but missing obvious inverted repeats. The finding that the binding
region overlaps with the —35 promoter region of brnFE supports
the idea that Lrp activates brnFE expression (Table 4). With respect
to Irp itself, protected regions reach about 25bp into the orf of the
lrp gene suggesting a negative autoregulation as a result of pro-
moter exclusion as reported for the Lrp orthologs of P. putida and
Agrobacterium tumefaciens (Jafri et al., 1999; Madhusudhan et al.,
1995). However, promoter fusion experiments described in this
study do not support the notion of a negative autoregulation of
C. glutamicum Irp since no significant change in Irp expression was
observed in an Irp deletion mutant or upon addition of amino acids
(Table 4). However, the binding site of Lrp was identified by DMase
footprinting in vitro and, thus, does not reflect the in vivo state
where binding of Lrp might be influenced by several other factors.
In fact, E. coli Lrp often acts in concert with other global regula-
tor such as Crp, IHF (integration host factor) or the histone-like
protein H-NS (Corcoran and Dorman, 2009; Levinthal et al., 1994;
Paul et al., 2001; Weyand et al., 2001). Based on the available data,
we can neither rule out nor support the possibility that Lrp also
controls transcription of its own gene which necessitates further
studies.

Lrp of E. coli, LrpC of B. subtilis and Lrp of Neisseria meningi-
tidis are examples of Lrp proteins functioning as global regulators
controlling expression of up to hundreds of genes (Lintner et al.,
2008; Ren et al., 2000; Thaw et al., 2006). Reasons contributing the
multitude of genes regulated by Lrp of E. coli include effects on
sigma factor selectivity (Weber et al., 2005) or DNA bending (Wang
and Calvo, 1993). On the other hand, AsnC, a paralog of E. coli Lrp,
is a specific regulator of its own gene and the divergently tran-
scribed asparagine synthetase gene asnA (Kélling and Lother, 1985).
Many bacteria contain several Lrp-like proteins and the majority
of them have been described as specific transcriptional regula-
tors (Brinkman et al., 2003), e.g. the Lrp homologs of P. putida and
Streptomyces coelicolor named BkdR are required for transcriptional
regulation of divergently transcribed operons encoding branched-
chain amino acid dehydrogenase complex (Madhusudhan et al.,
1995; Sprusansky et al., 2005). Similar to Lrp and the amino acid
transport system BroFE in C. glutamicum, Lrp of B. subtilis is regulat-
ing expression of a divergently transcribed operon for transport of
the t-leucine analog L-azaleucine (Belitsky et al., 1997). Lrp from C.
glutamicumis a specificregulator of brnFE and growth defects due to
branched-chain amino acids added to the growth medium coincide
fora mutant either lacking Lrp oritstarget genes brnFE(see Table 2).
The affinity of BrnFE for its substrate L-leucine (Kennerknecht et al.,
2002) coincides with the L-leucine concentration that was suf-
ficient for a complete protection of distinct DNA regions of the
lrp-brnFE intergenic region by Lrp against DNase | cleavage (see
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Table 4
Expression of the brnF- 'cat and Irp*-cat transcriptional fusions.

CGXIN glucose minimal medium with

Expression of the cat reporter gene fusion®

C. glutamicum 13032

. glutamicum Alrp

PET2-pbrnF PET2-plrp PET2-pbrnF PET2-pirp
- <0.01 0.02 <=0.01 0.03
25mM r-leucine 035 0,02 <0.01 0.04
100 mM r-leucine 1.3 0.06 <0.01 0.07
25mM r-isoleucine 0.06 0.02 0.02 0.03
100 mM r-isoleucine 041 0,02 <0.01 0.03
100 mM r-valine 0.20 0,02 <0.01 0.07
200 mM r-valine 041 0.02 <0.01 0.03
25mM L-methionine 0.20 0.02 <0.01 0.02

? (hloramphenicol acetyltransferase specific activity is given in U/mg protein as averages of two independent biological replicates with experimental errors less than 10%.
Expression of the cat reporter gene fusion in the control strains 13032 (pET2) and A Irp(pET2) with or without added amino acids could not be detected (<001 U/mg protein).

Fig. 3). The fact that addition of L-isoleucine to cultures of C. glutam-
icum Alrp resulted in more expression changes than observed with
C. glutamicum WT (see Table 3) might be due to secondary effects.
Likely, higher concentrations of branched-chain amino acids per-
tain when these are added to C. glutamicum Alrp cultures as brnFE
is not expressed in the absence of Lrp (see Table 4).

As BrnFE is the only export system for r-leucine, -isoleucine
and r-valine (Kennerknecht et al., 2002), but not for .--methionine
(Trétschel et al., 2005), production of branched-chain amino acids
may benefit from overexpression of brnFE or from constitutive
activation of brnFE by Lrp, a strategy not yet implemented in
C. glutamicum strain development for production of L-valine or
L-isoleucine (Bartek et al, 2010; Blombach et al., 2007, 2008,
2009; Denina et al.,, 2010; Elisakova et al., 2005; Holatko et al.,
2009; Lange et al., 2003; Patek, 2007). Indeed, genetic or flux
analysis identified export of r-isoleucine and r-valine, respec-
tively, as limiting step in production of these amino acids by C.
glutamicum (Magnus et al., 2009; Morbach et al., 1996), while L-
methionine production by C glutamicum appears to be limited by
precursor supply and/or activity of biosynthetic enzyme(s) (Bolten
et al., 2010). So far, transport engineering for the production of
branched-chain amino acids or L-methionine by C. glutamicum has
only been suggested for abolishing re-uptake e.g. of .--methionine
(Park et al., 2007b). Whereas L-methionine production by E. coli
(Figge, 2007) is claimed to be augmented by overexpression of
yieH, which encodes a putative export system for L-methionine
(EP1445310), and r-valine production by E. coli was improved
by overexpression of Irp and of the valine export genes ygaZH
(Park et al., 2007a), the potential of BrnFE transport engineer-
ing and Lrp regulatory engineering has not yet been tapped for
C. glutamicum.
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The detection and quantification of specific metabolites in single bacterial cells is a major goal for
industrial biotechnology. We have developed a biosensor based on the transcriptional regulator Lrp
that detects intracellular i-methionine and branched-chain amino acids in Corynebacterium glutamicum.
In assays, fluorescence output showed a linear relationship with cytoplasmic concentrations of the
effector amino acids. In increasing order, the affinity of Lrp for the amino acids is t-valine, t-isoleucine,
t-leucine and t-methionine. The sensor was applied for online monitoring and analysis of cell-to-cell
variability of 1-valine production by the pyruvate dehydrogenase-deficient C glutamicum strain AaceE.
Finally, the sensor system was successfully used in a high-throughput (HT) FACS screen for the isolation
of amino acid-producing mutants after random mutagenesis of a non-producing wild type strain. These
applications illustrate how one of nature’s sensor devices - transcriptional regulators - can be used for
the analysis, directed evolution and HT screening for microbial strain development.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Improvements to microbial production of biological molecules
represent a key goal for industrial biotechnology. Traditional
approaches for strain development include random mutagenesis
followed by selection or screening, and the rational design of
metabolic pathways to redirect or enhance metabolic flux, opti-
mize precursor supply or tune metabolic regulation (Bailey,
1991). These methods take time, require bulk sampling and do
not interface with high-throughput technologies. New techniques
that detect and quantify specific metabolites in single cells have
the potential to dramatically improve efficiency. They allow the
analysis of productivity of a given strain at the single-cell level
and offer the potential for high-throughput screening to isolate
strains that produce the desired metabolite (Bailey, 1991).

Recent advances in mass spectrometry and next generation
sequencing technologies have opened up new ways to analyze
and screen production strains. However, they focus mostly on
easily accessible phenotypes, while the majority of desirable
bacterial products are small, rather inconspicuous molecules that
cannot easily be detected at the single-cell level. For such low-
profile molecules, genetically-encoded biosensors offer the poten-
tial to transform information about a specific metabolite into an
optical output. Recently, a range of sensors have been used,

* Corresponding author. Fax: +49 2461 61 2710.
E-mail address: j.frunzke@fz-juelich.de (]. Frunzke).

1096-7176/$ - see front matter @ 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymben.2012.02.002

including enzymes or multistep enzymatic pathways, inducible
expression systems and whole organisms (Dietrich et al., 2010;
Michener et al., in press; van der Meer and Belkin, 2010; Zhang
and Keasling, 2011). These systems facilitate small-molecule
detection through colorimetric assays, fluorescence readout or
growth-coupled screening techniques based on auxotrophic
growth. However, for the most biotechnology-relevant com-
pounds, notably amino acids, organic acids or polymer precursors,
no appropriate optical sensors are currently available.

The Gram-positive soil bacterium Corynebacterium glutamicum
is an important platform organism for industrial biotechnology
(Kinoshita et al., 1957). It is used, for example, for the large-scale
production of more than two million tons of L-glutamate and
-lysine per year (Burkovski, 2008; Eggeling and Bott, 2005) and
for the production of a few thousand tons each of i-threonine,
L-leucine and r-valine, which are essential amino acids for all
vertebrates (Eggeling, 2001; Leuchtenberger, 1996). Applications
for the branched-chain amino acid t-valine include artificial
nutrition and the synthesis of antiviral drugs and herbicides
(Bartek et al., 2011; Blombach et al., 2008; Park et al., 2007).
The development of strains for the production of t-methionine is
of major interest as around 500 kt are produced annually from
petrochemicals at present (lkeda, 2003).

Here, we present a biosensor system that can enhance
strain development by detecting intracellular i-methionine and the
branched-chain amino acids t-valine, t-leucine and t-isoleucine. The
biosensor uses the transcriptional regulator Lrp of C glutamicum,
which activates the expression of the bmFE operon in the presence of
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increased levels of branched-chain amino acids or r-methionine
(Lange et al,, 2011). BrnFE, a two-component permease belonging
to the LIV-E transporter family, facilitates the export of these
amino acids, thus avoiding the inhibitory effects of intracellular
amino acid accumulation (Kennerknecht et al., 2002; Trotschel
et al.,, 2005). The export of amino acids is usually tightly regulated
to avoid wasting metabolic energy. Lrp binds the intergenic region
of Irp-bmFE and activates expression in the presence of elevated
concentrations of the appropriate amino acids.

We report on the construction of a novel amino acid biosensor
based on the transcriptional regulator Lrp, which allows the
intracellular detection and quantification of branched-chain
amino acids and t-methionine at single-cell resolution. We pre-
sent this sensor technology as a simple and convenient tool for
the analysis of biotechnological production strains and for the
establishment of novel high-throughput screening approaches.

2. Material and methods
2.1. Bacterial strains, media and growth conditions

Bacterial strains and plasmids are listed in Table 1. Unless
stated otherwise, cultures of C. glutamicum were inoculated to an
ODgop of 1 and grown in CGXIl minimal medium with 4% (w/v)
glucose as carbon source. For the dipeptide feeding assay, the
main culture was inoculated to an ODgq, of ~3 and cultivated in a
BioLector microbioreactor system (Kensy et al., 2009). For random
mutagenesis of C. glutamicum ATCC 13032 cells were grown to an
ODggp of 5 in BHIS medium (BHI with 0.5M sorbitol) and
subsequently incubated with N'-methyl-N"-nitro-N-nitrosoguani-
dine (0.125 mg/ml) for 15 min. After mutagenesis the cells were
washed twice with 50 ml 0.9% (w/v) saline and cultivated in BHIS
medium for 1 h, after which kanamycin (25 pg ml~') was added.
Escherichia coli DH5% was grown aerobically in LB medium on a
rotary shaker (120 rpm) or on LB agar plates at 37 °C (Sambrook
et al,, 2001). Where appropriate, the media contained kanamycin
(25 pg ml~ " for C. glutamicum or 50 pg ml~ ' for E. coli).

2.2. Recombinant DNA work

Standard methods including PCR, DNA restriction or ligation
were carried out according to standard protocols (Sambrook et al.,

Table 1
Bacterial strains, plasmids and oligonucleotides.

2001). Oligonucleotides were synthesized by Eurofins MWG
Operon (Ebersfeld, Germany) and are listed in Table 1. For
construction of the biosensor, the fragment containing the
C. glutamicum Irp open reading frame, the intergenic region of
Irp-bmF, the first 30 nucleotides of bmF, and the ribosomal
binding site of the pET-16b Vector (Novagen, Darmstadt, Ger-
many) were amplified using oligonucleotides Lrp-fw-A-BamHI
and Lrp-brnF-rv-1-Ndel introducing a BamHI and Ndel restriction
site, respectively. Additionally, eyfp was amplified by PCR with
oligonucleotides eYFP-fw-H-Ndel and eYFP-rv-D-Sall using the
vector pEKEx2-yfp-tetR as template, thereby introducing restric-
tion sites for Ndel and Sall digestion (Frunzke et al., 2008). Both
PCR products were cloned into the vector pJC1 (Schifer et al.,
1997), resulting in plasmid pJC1-lrp-brnF-eyfp.

2.3. Fluorescence microscopy and spectroscopy

For phase contrast and fluorescence microscopy, samples were
placed on a microscope slide coated with a thin aqueous Poly-i-
lysine solution of 0.1% (w/v, Sigma-Aldrich GmbH, Munich,
Germany) and covered by a coverslip. 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 DIC
oil-Immersion objective. Digital images were acquired and ana-
lyzed with AxioVision 4.6 software (Zeiss, Gottingen, Germany).

Fluorescence spectrometry measurements of C glutamicum
strains were carried out using a JASCO FP-6500/6600 spectro-
fluorometer (JASCO GmbH, Gross-Umstadt, Germany) in 3 ml QS
fluorescence cells (Hellma GmbH, Millheim, Germany). Final
documentation of the recorded spectra was performed using
Spectra-Manager Software (JASCO).

2.4. Adjustment and determination of intracellular amino acid
concentrations

To adjust the intracellular amino acid concentration, dipep-
tides were added to preincubated cells (60 min at 30 °C,
1200 rpm) using different ratios of the corresponding dipeptides
at a final concentration of 3 mM. To adjust internal effector levels,
the following dipeptides were added: t-methionine: alanyl-
methionine (Ala-Met) or methionyl-methionine (Met-Met) with
alanyl-alanine (Ala-Ala); i-leucine: alanyl-leucine (Ala-Leu) with
Ala-Ala; t-isoleucine: alanyl-isoleucine (Ala-lle) with Ala-Ala;

Strains or plasmids Relevant characteristics

Source or reference

Strains
C. glutamicum ATCC 13032
C. glutamicum AaceE

Biotin-auxotrophic wild type
In-frame deletion of cg2466

(Kinoshita et al., 1957)
(Schreiner et al., 2005)

E. coli DH5x supE44 AlacU169 ($80lacZDM15) hsdR17 recA1 endAl gyrA96 thi-1 relA1 Invitrogen
Plasmids
pic1 E. coli-C glutamicum shuttle vector, Kan® oriVe, oriVe, (Schifer et al., 1997)

pIC1-Irp-brnF-eyfp

PEKEX2-yfp-tetR
the control of the tac promoter

Oligonucleotides Sequence (5 —+3') and properties*
Lrp-fw-A-BamHI
Lrp-broF-rv-I-Ndel

EYfp-fw-H-Ndel

Kan®; pJC1 derivative containing Irp (cg0313), the intergenic region of Irp brnF (cg0314)
and a transcriptional fusion of brnF with eyfp
Kan®; pEKEx2 derivative containing eyfp-tetR, encoding an eYFP-TetR fusion protein under

This study

(Frunzke et al., 2008)

GCGCGGATCCTCACACCTGGGGGCCGAGCTG (BamHI)
GCGCCATATGATATCTCCTTCTTAAAGTT CAGCTTGAATGAATCTCTTGCG (Ndel)
GCGCCATATGGTCGAGCAAGGGCGAGGAG (Ndel)

EYfp-rv-D-Sall GCGCGTCCACTTATCTAGACTTGTACAGCTCGTC (Sall)
aceE-out-fw CACTTCGGCGTGTCACAATTAGG
aceE-out-rv GTCTGACAAGGCGTTCCTCGG

* In some cases oligonucleotides were designed to introduce recognition sites for restriction endonucleases (recognition sites underlined, restriction endonucleases

indicated in parentheses).
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t-valine: alanyl-valine (Ala-Val) with Ala-Ala (Fig. S1). The inter-
nal level of the respective effector amino acid forms a distinct
peak within minutes after addition of the dipeptide mixture
(Trotschel et al., 2005). This time point was determined to be
after 7min in case of -methionine and i-leucine, 10 min for
-isoleucine and 20 min for t-valine (see Fig. S1). Intracellular
amino acid concentrations were measured in three samples of
200 pl taken from the cell suspension when maximal internal
amino acid concentration was reached. The cells were quickly
separated from the surrounding medium and extracted in per-
chloric acid (20%) by silicone oil centrifugation as described
previously (Ebbighausen et al.,, 1989). Amino acids were quanti-
fied as their ortho-phthaldialdehyde derivatives using ultra-high
pressure liquid chromatography by automatic pre-column deri-
vatization and separation by reversed-phase chromatography on
an Agilent 1290 Infinity LC ChemStation (Agilent, Santa Clara,
USA) with fluorescence detection. The intracellular volume used
to calculate the internal amino acid concentration was 1.7 pl mg
(dry weight)~! (Ruffert et al., 1997).

2.5. Microfluidic chip fabrication and imaging

Microfluidic chips based on a disposable transparent poly
(dimethylsiloxane) (PDMS) (Sylgard 184 Silicone Elastomer, Dow
Corning Corp., Midland, MI, USA) were fabricated as described in SI
Experimental Procedures (Xia and Whitesides, 1998). For imaging, the
device was placed on a fully motorized inverted microscope (Nikon
Eclipse Ti, Nikon Instruments Europe). For the study of microcolonies,
single C. glutamicum AaceE cells (Schreiner et al., 2005) were seeded
into the chip device by flushing the cell suspension (ODgopn ~4)
through the channels with ~25 nl/min (calculated flow in one
channel; 300 ml/min for the whole chip device). Once single cells
were trapped, CGXIl medium with 4% glucose (w/v) and 1.5% (w/v)
potassium acetate was infused by a syringe pump with a flow rate of
~25 nl/min. Colony growth was followed by time lapse microscopy
for approximately five generations. In order to initiate the i-valine
production phase, the medium was switched after 15 h to medium
containing 4% glucose (w/v) (Blombach et al., 2007). Images were
acquired at 15 min intervals. Fluorescence emission was quantified
through mean intensity of every defined region of interest (ROIs),
which encompasses the cell area.

2.6. Microtiter plate cultivation

Online monitoring of growth and fluorescence was conducted
in 48-well microtiter Flowerplates (MFPs) with the BioLector
cultivation system (m2p-labs GmbH, Aachen, Germany). 48-well
MFPs containing 750 pnl medium per well were inoculated with
C. glutamicum cells from a preculture (see Section 2.1) and grown
at 30 °C, a shaking frequency of 1200 rpm, and a shaking diameter
of 3 mm. During cultivation the production of biomass was
measured as the backscattered light intensity of sent light with
a wavelength of 620 nm (signal gain factor of 10), the eYFP
fluorescence of the cultures was measured at an excitation of
510 nm and an emission of 532 nm (signal gain factor of 60). The
specific fluorescence for the cells is defined as eYFP fluorescence
per scattered light intensity (given in a.u.) (Kensy et al.,, 2009).

2.7. Flow cytometry

Flow cytometric measurements and sorting were performed on a
FACSAria Il (Becton Dickinson, San Jose, USA) with 488 nm excita-
tion from a blue solid-state laser. Forward-scatter characteristics
(FSC) and side-scatter characteristics (SSC) were detected as small-
and large-angle scatters of the 488-nm laser, respectively. EYFP
fluorescence was detected using a 502-nm long-pass and a 530/30-

nm band-pass filter set. Sorting was performed with four-way purity
as the precision mode at a threshold rate up to 10,000 events/s. Cells
were sorted on BHI agar plates containing 25 pg ml~ ' kanamycin or
in a tube containing CGXIl medium.

2.8. Determination of pyruvate dehydrogenase activity

For enzyme assays, C glutamicum WT and mutant cells
were grown in the main culture in CGXIl minimal medium with
4% (w/v) glucose, 1.5% (w/v) potassium acetate and 0.1% (w/v)
yeast extract and harvested at ODgy of ~5. Cells were disrupted
by sonication in 0.1 mM TES([N-tris( hydroxymethyl)methyl-2-
aminoethanesulfonic acid), pH 7.2, 10 mM MgCl,, 3 mM r-cysteine,
and 30% (w/v) glycerol. Crude extract was prepared by subsequent
centrifugation and gel-filtrated in the same buffer on PD10
columns (GE Healthcare, Buckinghamshire, UK). Ultracentrifuga-
tion of the crude extract and finally the pyruvate dehydrogenase
assay were performed as described previously (Hoffelder et al.,
2010).

3. Results
3.1. Biosensor construction and proof of principle

To design a biosensor that responds to elevated intracellular
concentrations of -methionine or branched-chain amino acids,
we constructed a module based on the transcriptional regulator
Lrp (leucine-responsive protein) of C. glutamicum. The genomic
region containing the open-reading frame of Irp and the inter-
genic region of Irp-bmF, which contains the promoter of bmF,
were cloned in front of eyfp, thereby setting eyfp expression under
the control of Pyr (Fig. 1A). The resulting sensor plasmid was
transformed into C glutamicum wild type (WT) strain. In a first set

A B

@Sensor

O .
l
Sensor © C», 4
e | ©® K 4
(@] =)
% 2
0 =
2 1
2 2
£0

500 540 580
Wavelength (nm)

Fig. 1. Construction and verification of the Lrp-based biosensor. (A) A sensor cell
with wild type levels of the effector amino acids exhibits background levels of
eYFP fluorescence {upper panel). Increased intracellular concentration of the
respective amino acids induces eyfp expression in sensor cells (lower panel).
(B) Phase contrast and fluorescence microscopy images of C glutamicum sensor
cells fed with 3 mM Lys-Ala (upper row) or Ala-Met (lower row) dipeptide.
(C) Fluorescence spectrometry (488 nm excitation) of C glutamicum sensor cells
fed with 3 mM Ala-Met (green), Ala-Leu (red), Ala-lle (brown), Ala-Val (purple).
Controls include CGXIl minimal medium (black), C glutamicum WT cells (pink),
sensor cells (blue) and sensor cells fed with Lys-Ala (dark red). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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of experiments, the capability of the system to monitor the
intracellular accumulation of the respective amino acids was
confirmed by fluorescence microscopy and spectroscopy. To
artificially increase the intracellular concentration of specific
amino acids, we used the dipeptide feeding strategy described
previously (Vrljic et al., 1996). Dipeptides containing the amino
acid under study were added to the growth medium; the uptake
and subsequent hydrolysis of these dipeptides by cytoplasmic
hydrolases leads to an increased pool of the respective amino
acids.

C. glutamicum wild type cells transformed with the biosensor
showed no discernable fluorescence signal above the autofluor-
escence of C glutamicum wild type. When the intracellular
concentration of L.-methionine was increased by the addition of
the dipeptide alanyl-methionine (Ala-Met), a significant increase
in eYFP fluorescence resulted (Fig. 1B). As expected, elevated
intracellular t-leucine, t-isoleucine or t-valine levels, achieved by
feeding with Ala-Leu, Ala-lle or Ala-Val, respectively, also resulted
in higher fluorescent output by the biosensor cells, as shown by
fluorescence spectroscopy (488 nm excitation). No significant
signal was obtained upon addition of Ala-Ala or Ala-Lys or with
cells containing the empty vector pJC1. The highest intensity of
fluorescence was observed for i-methionine, and decreased from
i-leucine to r-isoleucine to t-valine (Fig. 1C). These results
demonstrate the functionality of the biosensor: Intracellular
detection of elevated levels of L.-methionine and branched-chain
amino acids is transformed into an optical readout.

3.2. Quantitative characterization of the biosensor response

One prerequisite for the application of biosensors is an
accurate description of the relationship between effector input
and reporter output. To assess this, we established a competitive
dipeptide feeding assay to generate defined intracellular concen-
trations of amino acids. The approach is based on the principle
that a competitor dipeptide, for example, Ala-Ala, competes with
an effector-containing dipeptide, for example Ala-Met, for uptake
by the cell, allowing internal effector levels to be regulated (see
Section 2.4 and SI).

After the addition of dipeptide mixtures, the internal concen-
trations of amino acids reach distinct maxima within minutes
(Fig. S1) (Trotschel et al, 2005). Thus, the approach provides a
system to study the correlation between internal amino acid
concentration and the resulting reporter output. Effector input
and eYFP output was correlated for each Lrp effector amino acid,
shown in Fig. 2A. There were linear fluorescence responses to the
internal concentration of the amino acids across the concentra-
tion ranges tested.

The biosensor displayed highest sensitivity for L.-methionine
followed by i-leucine, i-isoleucine and t-valine (Fig. 2A, Table 2).
Maximal induction in response to t--methionine accumulation was
78-fold, thereby defining the minimal dynamic range of the
biosensor. However, due to restrictions in the kinetic properties
of the system, such as dipeptide uptake and hydrolysis, the highest
internal concentration achieved was 25 mM in C glutamicum wild
type. Consequently, the dynamic range and minimal linear detec-
tion range given in Table 2 represent minimal values but demon-
strate the analog response of the biosensor in the low to medium
mM range.

Next, the suitability of the biosensor system for FACS-based
screening approaches was tested. Cells fed with dipeptides (con-
taining one of the four Lrp effector amino acids) to the previously
determined maximal internal amino acid concentration were
sampled two hours after addition of the dipeptides (the time
point with the highest fluorescence signal). Then, three or four
samples of cells each containing a different internal concentration

of a particular amino acid were mixed in a ratio of 1:1:1(:1) and
immediately analyzed by flow cytometry. (Fig. 2B-E). Distinct
populations of cells with increased internal effector concentra-
tions were found, although these displayed no differences in
terms of morphological parameters (side scatter, SSC and forward
scatter, FSC, see raw data used for color accentuation in Fig. S2). In
the case of L-methionine, concentrations below 1 mM generated a
population clearly distinguishable from wild type with respect to
eYFP fluorescence. Thus, the biosensor-flow cytometry combina-
tion can discriminate subpopulations of cells that exhibit slight
differences in the internal accumulation of amino acids in the low
to medium mM range - the concentration range relevant to the
development of production strains.

3.3. Biosensor-based online monitoring of production strains

To further assess the performance of the biosensor in online
monitoring of production strains, we chose the C glutamicum
strain AaceE. This strain lacks the E1p enzyme of the pyruvate
dehydrogenase complex and excretes low amounts of t-valine
when cultivated in minimal medium with 4% glucose and 1.5%
acetate. Production of 1-valine via the metabolization of glucose
has been shown to begin after all of the acetate is consumed
(Blombach et al., 2007).

In accordance with published data, C. glutamicum AaceE con-
taining the biosensor grew exponentially without producing
t-valine for the first ten hours. Once acetate was depleted, the
cells stopped growing and started to produce t-valine. The sensor
responded with eYFP fluorescence that correlated with the
increased production of t-valine (Fig. 3A). Three hours after the
start of t-valine production the signal reached a maximum value,
suggesting that a constant internal i-valine concentration is
reached and maintained. In contrast, C. glutamicum wild type
containing the sensor plasmid showed no significant eYFP
emission.

3.4. Analysis of 1-valine production by C. glutamicum AaceE at the
single-cell level

As the Lrp-based biosensor allows the visualization of internal
amino acid levels in single cells, we analyzed 1-valine production
by C glutamicum AaceE cells in isogenic microcolonies. For this
purpose, cells were cultivated in PDMS-based microfluidic
devices. In contrast to microcolony growth on agar pads, as
commonly used, cultivation in microfluidic chips offers the
advantage of continuous supply of medium, oxygen, constant
temperature and pH, and the ability to switch between different
cultivation media.

Initially, single C. glutamicum AaceE sensor cells were tracked
in the microfluidic chamber and isogenic microcolonies were
grown in minimal medium with 4% glucose and 1.5% acetate.
After 15h the medium was switched to conditions supporting
t-valine production and the fluorescent output was measured
(Fig. 3B). Significant variations in fluorescence intensity were
observed between single cells, indicating different production
levels of i-valine. A lineage tree based on the growth of the
microcolony revealed another level of heterogeneity, namely
variation in cell size and interdivision intervals among single
cells (Fig. 3C). Doubling times for single duplication events ranged
from 0.5-5 h. In comparison, the parental C. glutamicum wild type
has an average doubling time of about 70 min in the microfluidic
system, with a range of 40-110 min (data not shown).

When an average growth rate was calculated from the lineage
tree, the result (0.24 h—') was comparable to the growth rate
of AaceE in shake flask cultures. We stopped medium flux
through the microfluidic device, thereby simulating batch culture
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Fig. 2. Characterization of the specificity and affinity of the biosensor. (A) Relationship between intracellular concentrations of effector amino acids 1--methionine (),
i-leucine (A), 1-isoleucine (@) and r-valine (#) and specific fluorescence outputs in C glutamicum cells. Data represent the average values of three independent
measurements. The fluorescence microscopy images show C glutamicum sensor cells with increasing internal concentrations of .-methionine {1-20 mM). (B)-(E): FACS-
generated contour plots and histograms displaying the FSC signal (forward scatter) andfor the eYFP signal of mixed C glutamicum populations differing in their
intracellular amino acid concentrations of (B) Met, (C) Leu, (D) Ile and (E) Val. No variation in terms of morphology parameters (forward scatter (FSC) and side scatter (SSC))
was observed for the populations. For analysis cells fed with dipeptides to the known internal amino acid concentration were mixed and immediately analyzed by flow
cytometry. See Fig. S2 for FSC/SSC plots and gating strategy used for color accentuation.

Table 2

Performance parameters for the biosensor (n=3).

Effector

Minimal dynamic range
(fold increase)

Minimal linear detection
range (mM)

L-methionine =78 =02-235
1-leucine =22 =02-13.6
-isoleucine =10 =04-115
L-valine =12 =1.5-23.4

conditions in which secreted L-valine accumulates extracellularly.
Under these conditions, cell-to-cell variation decreased signifi-
cantly as cells within the microcolony with low fluorescent
signals caught up (Fig. S3). Thus, this sensor-based analysis of
an t-valine producer uncovers phenotypic heterogeneity at the
single-cell level which is masked by typical bulk measurements.

3.5. Sorting efficiency

In further experiments, the strain AaceE was used to examine
the sensor-based sorting efficiency of the FACS system. Mixtures
of C. glutamicum wildtype and fluorescing C. glutamicum AaceE
cells (1% vs. 99% and vice versa) were analyzed after 24 h of
cultivation by FACS and single cells were sorted on agar plates
(1500 cells in total). The two strains could be distinguished by the
small colony phenotype of AaceE. Colony PCR analysis of the
sorted cells revealed a = 95% correct sorting efficiency and a
survival rate of ca. 96%. This demonstrates the suitability of the
system for isolating single mutants/cells which exhibit increased
amino acid production out of a mixture of non-producing cells.

3.6. Biosensor-based FACS high-throughput screen

We next developed a high-throughput-compatible sensor
system to screen large mutant libraries in order to detect cells with
increased levels of t-methionine or branched-chain amino
acids. For a primary screen, wild type cells containing the sensor
plasmid were chemically mutagenized by incubation with

N'-methyl-N'-nitro-N-nitrosoguanidine, as described in Section 2.1.
Subsequent to mutagenesis, C. glutamicum cells were incubated in
BHIS medium for 6 h and then analyzed and sorted by FACS. As
depicted in Fig. 4A, parallel approaches were taken. In screen S1, 150
mutants that exhibited significantly increased fluorescence were
sorted out of ca. 6 million cells from gate S1-P1 on BHI plates
(survival rate: 60%, Fig. 4D). 48 colony forming mutants were used to
inoculate a 48-well plate containing CGXIl medium with 4% glucose,
1.5% acetate and 0.1% yeast extract. Acetate was added to the
screening medium to support growth of t-valine producing mutants
with decreased pyruvate dehydrogenase activity. After 48 h of
cultivation in microtiter plates, amino acid concentrations in the
supernatant were assayed by uHPLC. This approach (S1 in Fig. 4A)
yielded 23% positive clones (11 out of 48). Via the chosen screening
conditions especially t-valine-excreting mutants were obtained - all
positive clones produced significant amounts of this amino acid. 10%
of the mutants also produced up to 2 mM t-leucine and t-isoleucine
(for an overview of all screened mutants, see Table S1). An iterative
approach was developed (S2) to screen for clones that do not have
significant growth defects under the chosen conditions. In screen
S2, cells were cultivated for 24 h after mutagenesis and mutants
with increased eYFP emission were sorted into liquid BHIS complex
medium and grown at 30 °C. After 24 h 10,000 cells with most
enhanced fluorescence emission were again sorted into a BHIS
containing tube and cultivated for 24 h. This procedure of isolating
and cultivating the upper 10,000 fluorescence cells was repeated
three times.

The iterative screen resulted in an up-shift of eYFP fluor-
escence in the whole population (Fig. 4C). Due to the wide
distribution of the fluorescence signal, the cells were subdivided
into three populations: S2-P1 (highest fluorescence), S2-P2 (med-
ium fluorescence) and S2-P3 (low fluorescence). A clear pattern
was observed in these subpopulations: in the groups of cells
exhibiting middle (S2-P2) and low levels of fluorescence (S2-P3),
6% and 2% of the tested clones excreted significant amounts of L~
valine, respectively; within the subpopulation that produced high
levels of fluorescence (S2-P1), 25% excreted significant amounts
of t-valine (Fig. 4D). The survival rate of the sorted cells increased
significantly from 59% (S1) to almost 96% on the fourth day of the
iterative screen (S2).
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Fig. 3. Biosensor-based analysis of C glutamicum AaceE. (A) Growth (M), eYFP fluorescence (@) and L-valine production (A) of C. glutamicum AaceE cultivated in minimal
medium containing 4% glucose and 1.5% acetate. Data represent average values of three independent cultivations. (B) A microcolony and (C) respective lineage tree of
C glutamicum AaceE containing the biosensor plasmid grown in a microfluidic chamber, illustrating variation at the single-cell level. Growth phase: minimal medium
containing 4% glucose and 1.5% acetate. Production phase: minimal medium with 4% glucose. EYFP fluorescence was quantified in single cells after 18 h, The length of the
boxes corresponds to the length of the cells at the time of fluorescence measurement. The lineage tree is based on Video S1 (growth phase).
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Fig. 4. Biosensor-based FACS high-throughput screening. (A) Schematic diagram of FACS screening: (1) Mut is, (2) Sci ing approach S1: fluorescent cells were
sorted by FACS, Screening approach S2: The 10,000 mutants with highest levels of eYFP emission were sorted in liguid medium, isolated and re-cultivated; this procedure
of sorting and re-cultivation was repeated three times. (3) Sorting on plates, (4) cultivation in microtiter plates (48 h) and (5) uHPLC analysis of supernatant. (B) Dot plot
displaying the FCS signal against the eYFP signal of mutagenized C glutamicum cells six hours after mutagenesis and subsequent incubation in BHIS medium. Cells were
sorted from gate S1-P1.(C) Dot plot (FSC/eYFP) of mutagenized cells on the fourth day of the iterative screen. Cells were sorted on BHI agar plates from gates S2-P1, S2-P2,
and S2-P3. (D) The percentage of positive clones (white bars), those excreting =2 mM effector amino acids (gray bars) and viability of clones after sorting (black bars).

Overall, the top five mutants obtained from FACS screening (S1 Table 3
and S2) produced up to 8 mM t-valine, up to 2 mM of 1-isoleucine Top five mutants excreting branched-chain amino acids (n=2).
and up tol mM t-isoleucine after 48 h in minimal medium with 4%

glucose, 1.5% acetate and 0.1% yeast extract (Table 3). Growth and Mutant no. t-valine (mM) t-leucine (mM) i-isoleucine (mM)
sensor output of the top five mutants are shown in Fig. S4. In two 1 87 13 09
of the top five mutants PDH activity was about twofold decreased 2 5.1 1.0 13
in comparison to the WT (mutant 2: 0.049 +0.001 U/mg, mutant <! 48 1.0 1.0
4: 0.043 + 0.007 U/mg, WT: 0.082 + 0.01 U/mg), which could be a ‘; ZA: ;‘g 3;

reason for 1-valine excretion. However, no mutation in the gene
sequence of aceE could be identified in these mutants.

amino acid production in C. glutamicum, an organism of consider-
able importance to the biotechnology industry. This Lrp-based

4. Discussion biosensor detects intracellular i-methionine and the branched-
chain amino acids i-leucine, t-isoleucine and t-valine by trans-

Nature has evolved versatile sensor devices for small mole- forming the information into a fluorescent output signal.
cules, metabolites and physical parameters in the form of pro- Screening and analysis of production strains using a biosensor

teins, RNA and DNA. We harnessed the functionality of one of requires that the relationship between the effector molecule
these - the transcriptional regulator Lrp - to report on in vivo input and reporter output is well understood. To achieve this,
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we favoured an in vivo determination of the sensor transfer curve.
Although the dipeptide feeding approach that we used was
restricted by the kinetics of peptide uptake and hydrolysis, the
minimal dynamic range and linear detection range (described in
Table 2) covers the low to medium mM range. This range makes
the system suitable for the analysis and screening of production
strains as it allows the discrimination of strains with significantly
elevated intracellular amino acid levels (mM range) from wild
type level (nM to high uM range). A few studies report on the
intracellular concentration of amino acids in production strains,
but the high external accumulation of the respective metabolite
often makes an exact determination difficult. Eggeling and co-
workers reported an accumulation of up to 110 mM isoleucine in
the isoleucine-producing strain C. glutamicum SM13 (Morbach
et al, 1996). In-house measurements of the internal i-lysine
concentration of several lysine production strains revealed a
concentration ranging from 5-30 mM t-lysine, depending on the
strain background (Eggeling, unpublished). In the case of the
PDHC-deficient t-valine producers C. glutamicum AaceE and
AaceE(p]C4-ilvBNCE), the internal concentration of the i-valine
precursor pyruvate amounts to 25 and 2.3 mM, respectively
(Blombach et al., 2007). If the assessment of higher accumulations
of internal amino acids with the described sensor system is
desired, exporter deletion strains could be used, which have been
reported to accumulate up to 0.5-1 M of the respective amino
acids (Kennerknecht et al., 2002; Vrljic et al., 1996). However, this
approach seems inappropriate, since comparability to the wild
type strain in regard to the formation of a distinct internal amino
acid peak is hardly given.

The sensor technology was used in an ultra high-throughput
FACS screen (10,000 cells per second) to isolate cells with
increased intracellular concentrations of the effector amino acids
following random mutagenesis. Our first screening approach
resulted in the isolation of about 40 mutants that produced
branched-chain amino acids, out of 192 screened by uHPLC
(Fig. 4, Table S1). Among these, the top five mutants produced
up to 8 mM t-valine, up to 2 mM of t-leucine and up to 1 mM -
isoleucine. As known from previous studies, the activity of the
PDH complex is crucial for the production of i-valine (Bartek
et al, 2011; Blombach et al., 2007). Indeed, two of the top five
mutants showed a reduced PDH activity, but sequencing of the
aceE revealed wild type situation in all of the top five mutants.
Further reasons for a reduced PDH activity might be for example
an impaired cofactor biosynthesis or mutations in genes encoding
regulatory proteins (Bartek et al, 2010). For detailed insights
genomic analysis of promising mutants is required for identifica-
tion of novel and unexpected targets for strain improvement.
For example, a melanin-based screen for i-tyrosine led to the
identification of mutants in unknown proteins which could not
have been predicted by rational strain design (Santos and
Stephanopoulos, 2008).

As far as we are aware, this is the first biosensor-based FACS
screen for the in vivo detection of inconspicuous, biotechnologi-
cally-relevant products, such as amino acids, in single bacterial
cells (Dietrich et al., 2010). Previously, targets for FACS screenings
have included metabolites that are natural or synthetic photo-
phores, such as carotenoids (Albrecht et al., 2000; An et al., 1991),
the antibiotic gramicidin S (Azuma et al., 1992) or polyhydrox-
yalkanoates (Vidal-Mas et al., 2001). A common problem of FACS
screenings is the high rate of false positives, in some cases beyond
99% (Sitnikov et al., 1995). In our Lrp biosensor-based screening,
secondary screening revealed that 20-30% (depending on the
gating strategy) of the isolated mutants excreted significant
amounts of the effector amino acids. Among so-called “false-
positive” clones we will certainly find several mutants which
intracellularly accumulate high amounts of the respective amino

acids, but might have a defect in export of those (e.g. mutation of
bmFE itself). Thus, we emphasize this system also for the
identification of transport systems. This could, for example, easily
be realized by screening transposon-mutagenized sensor cells for
cells with significantly increased fluorescent output.

In these experiments, the screening conditions led to isolation
of mutants producing branched-chain amino acids. However, the
outcome of screens can be influenced by several factors, including
cultivation conditions, the original strain used for mutagenesis
and the gating strategy used in FACS. As .-methionine is currently
of major interest for biotechnological strain development, future
work will adapt the screening procedure for the isolation of
t-methionine-producing mutants. Prevention of reuptake (AmetNI
and AmetP) (Trétschel et al., 2008), derepression of L-methionine
biosynthesis genes (Rey et al., 2003) and the addition of reduced
sulfur compounds such as methanethiol or dimethyldisulfide,
might be important prerequisites for the successful isolation of
L-methionine producing mutants in future screening approaches
(Bolten et al., 2010).

The intracellular, rather than extracellular, detection of a
specific metabolite is a prerequisite for a biosensor system
compatible with high-throughput FACS screening or single cell
analysis of production strains. Systems, such as the one described
in this study, allow the rapid isolation of mutations, but cannot
provide information with respect to the excretion of the parti-
cular metabolite. Thus, a quantitative analysis of the extracellular
metabolite concentrations by uHPLC or mass spectrometry is
required to determine whether the isolated mutants excrete the
respective metabolite in the supernatant. As the described bio-
sensor system depends on the use of a transcriptional regulator
(Lrp) as the sensor device, specificity and dynamic range of the
respective system depends on the biochemical characteristics of
the chosen regulator. These can, in principle, be optimized by
protein engineering and/or evolution. However, in many cases
more than one specific effector metabolite influences the activity
of a given regulator; in case of Lrp four amino acids (.-methionine
and the branched-chain amino acids) have been described (Lange
et al., 2011). Thus, the intracellular detection of more than one
effector metabolite as well as the typically high rate of false
positive clones in FACS screenings clearly necessitates secondary
screening, for example, uHPLC, for reliable mutant analysis. The
use of GFP-based autofluorescent proteins as reporter proteins
also have some pros and cons. The stable, non-cytotoxic expres-
sion of gfp and its derivatives, plus their outstanding brightness,
make them a favorable option (Chudakov et al., 2005; Frommer
et al., 2009; Giepmans et al., 2006). However, signal delay due to
chromophor maturation or the dependency on molecular oxygen
are drawbacks (Shaner et al,, 2005; Tsien, 1998).

It has long been known that clonal populations of microorgan-
isms display substantial variation in phenotypic traits. Reasons
for this population heterogeneity include micro-environmental
differences, variations in cell age, stages in the cell cycle and
stochastic effects (Elowitz et al, 2002; Lidstrom and Konopka,
2010). Cell-to-cell variation with regard to promoter activity or
protein abundance is easily detected using autofluorescent pro-
teins but there has been little study of single-cell quantification of
metabolites (Heinemann and Zenobi, 2011). Biosensors, in the
form of FRET sensors, and regulatory circuits do provide powerful
tools for single-cell resolution (Deuschle et al., 2005; Michener
et al, in press; van der Meer and Belkin, 2010; Zhang and
Keasling, 2011). In this study, we achieved a first glimpse of
variation in productivity using the PDHC-deficient i-valine pro-
ducer C. glutamicum AaceE. Our analysis of microcolonies grown
from one single cell revealed variations in doubling time, cell size
and, most interestingly, single-cell fluorescence. Such effects
could not be detected in shake flask experiments where L-valine
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accumulates in the supernatant and in turn influences internal
levels of L-valine. Indeed, stopping the flow of medium through
the microfluidic chamber almost completely masked cell-to-cell
variation (Fig. S3). The origin of the variability in internal t-valine
accumulation among AaceE cells will be assessed in future
studies. Factors reported to influence t-valine production in
C. glutamicum include the expression level of L-valine biosynthesic
genes, the activity of the PDHC by-pass pyruvate:quinone oxidor-
eductase, as well as the supply of NADH, depending on the flux
through the pentose phosphate pathway (Bartek et al., 2010;
Blombach et al., 2008).

5. Conclusions

Biosensors based on transcriptional regulators have a success-
ful history in bioengineering, where they are used to detect
environmental pollutants including antibiotics, carcinogens and
heavy metals (van der Meer and Belkin, 2010; Zhang and
Keasling, 2011). However, the great potential of transcription
factor-based sensor technologies for strain development and
screening strategies in industrial biotechnology has not been
exploited at all so far. The technology described here initiatives
that process: it can be applied to an extensive repertoire of
natural sensor devices for the design of biosensors that detect a
broad spectrum of important biotechnological metabolites.
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Summary

Fluorescent reporter proteins are widely used for the
non-invasive monitoring of gene expression patterns,
but dynamic measurements are hampered by the
extremely high stability of GFP and homologue pro-
teins. In this study, we used SsrA-mediated peptide
tagging for the construction of unstable variants of
the GFP derivative eYFP (enhanced yellow fluores-
cent protein) and applied those for transient gene
expression analysis in the industrial platform organ-
ism Corynebacterium glutamicum.

The Gram-positive soil bacterium Corynebacterium
glutamicum was isolated in 1957 in Japan due to its ability
to excrete large amounts of the amino acid L-glutamate
(Kinoshita, 1957). Within the last decades C. giutamicum
was proven to be an excellent production platform
not only for amino acids, but also for a variety of other
metabolites, including organic acids, vitamins and polymer
precursors (Leuchtenberger, 1996; Eggeling and Bott,
2005; Burkovski, 2008). Efficient metabolic engineering,
however, depends on a detailed understanding of gene
expression pattems and adaptive responses of the respec-
tive organism. Reporter proteins, such as p-galactosidase
(lacZ), bacterial luciferase (luxCDABE ), and autofluores-
cent proteins (gfip, yip, etc.) represent convenient tools for
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the detection and quantification of molecular and genetic
events (Ghim ef al., 2010). Among these, fluorescent pro-
teins offer the advantage of broad-host applicability, no
need for substrate addition, and a non-destructive meas-
urement at the single cell level (Chalfie ef al., 1994; Tsien,
1998). A major drawback of several reporter proteins is,
however, their extremely long half-life (GFP = 24 h), which
leads to accumulation of the protein within the cell and
hampers the study of transient changes in gene expres-
sion. To address this issue, Andersen and co-workers used
C-terminal SsrA peptide tagging for destabilization of GFP
in Escherichia coli and Pseudomonas putida (Andersen
at al., 1998). This approach was in the following success-
fully applied to generate unstable GFP variants in, e.q.
Myecobacterium species or for destabilization of the Pho-
forhabdus luminescens luciferase (Triccas efal, 2002;
Blokpoel ef al., 2003; Allen et al., 2007).

The SsrAtag is encoded by the ImRNA (ImRNA, ssrA
or 10Sa RNA), which functions as both fransfer and mes-
senger BNA and acts as a rescue system of ribosomes
stalled on broken or damaged mRNA (Keiler, 2008). By
translation of the messenger part of tmRNA a peptide tag
of 11 amino acids is added to the C-terminus of the pre-
mature protein (E. coli SsrA tag: AANDENYALAA),
thereby rendering it susceptible for tail-specific proteases,
such as CIpXP, CIpAP or FisH (Gottesman ef al., 1998;
Herman et al., 1998). Previous studies showed that vari-
ation of the terminal three amino acids of the tag can be
used to generate variants of different protein stability
(Andersen ef al., 1998).

The ssrA gene is highly conserved in bacterial
genomes and a homologue was also annotated in the
C. glutamicum genome (Kalinowski ef al., 2003). In this
study we used SsrA peptide tagging to construct a set of
destabilized fluorescent protein variants (eYFP and
GFPuv) with significantly reduced half-lives, compared
with the native proteins. These proteins represent valu-
able tools for the monitoring of dynamic gene expression
paftterns in the biotechnological organism C. giutamicum.

For construction of unstable fluorescent protein variants
the native E. coli (AANDENYALAA) and C. glutamicum
SsrA tag (AAEKSQRDYALAA) or tags varying in their
terminal three amino acids of the corynebacterial tag (in the

Microbial Biotechnology @ 2012 Society for Applied Microbiolegy and Blackwell Publishing Ltd
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Table 2. Overview of SsrA tag variants.

Signal
Amino acid Half-life  intensity

SsrA-tag sequence {min)® (%e)®
E. c. LAA-tag native AANDENYALAA n.d. n.d.
C. g. LAA-tag native AAEKSQRDYALAA nd. n.d.
C. g. LVA-tag vanation AAEKSQRDYALVA n.d. n.d.
C. g. ASV-tag variation AAEKSQBDYAASV 22+4 48

C. g AAV-tag variation AAEKSQRDYAAAV B+ 3 20

a. Protein half-lives were calculated from Western blot analysis

(Fig. 1C) corresponding to the decay law 4 :i Ty2= In[ﬁ
Given values represent the average values with standard deviation of
three independent expenments. For indicated constructs rapid
degradation occumred and half-lives could not be determined (n.d.).
b. Signal intensity relative to native eYFP at the time of
measurement.
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following designated as ASV, AAV and LVA) were fused to
the C-terminus of eYFP and GFPuv, which are both com-
monly used as reporter proteins in C. glutamicum. The
fusion variants were cloned into the vector pEKEx2, under
control of Pra, and transferred into C. glufamicum ATCC
13032 by electroporation (Table 1). For fluorescence
measurements cells were grown in 48-well microtiter Flow-
erplates containing CGXII minimal medium with 4%
glucose in a BioLector microbioreactor system (m2p labs,
Germany) (Kensy efal, 2009); gene expression was
induced by addition of 1 mM IPTG. In case of the eYFP
variants we observed significant fluorescent signals for
fusion constructs with ASV tag (46% of native eYFP) and
AAV tag (20% of native eYFP) (Table 2). No signal was
detected for the eYFP variants fused either to the native
SsrAtag (E. coli or C. glutamicum) or to the LVA modified
version (data not shown). To assess the stability of the ASV
and AAV variants, transcription and translation of the

A
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£ oz £
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Fig. 1. Stability of eYFP variants in C. glutamicum. (A) Fluorescence of recombinant C. glutamicum ATCC 13032 strains expressing eyfp vari-
ants: ATCC 13032/pEKEx2-eyfp (squares), ATCC 13032/pEKEx2-eyfp-asv (triangles), ATCC 13032/pEKEx2-eyfp-aav (circles). Prior induction,
cells were inoculated to an ODeg of 1 in 750 pl of CGXIl minimal medium containing 4% glucose and cultivated in 48-well microtiter plates in
the BioLector system (m2p labs, Germany). Gene expression was induced by addition of 1 mM IPTG. To estimate the stability of the eYFP
variants 250 pug mb* rifampicin (Rif) and 100 pg ml! tetracycline (Tet) were added 1.5 h after induction to stop the transcription and translation.
In the BioLector system the growth (backscatter signal of 620 nm light) and eYFP fluorescence (excitation 510 nm/emission 532 nm) were
monitored in 10 min intervals. The specific fluorescence was calculated as fluorescence signal per backscatter signal (given in arbitrary units,
a.u.). Results represent average values with standard deviation of three independent experiments. (B) Logarithmic scale blotting of data
shown in 1A. Specific fluorescence of each strain to the time of antibiotic addition was set to 100%. (C) Determination of half-lives via
Westem blot analysis of eYFP (27.0 kDa), eYFP-ASV (28.6 kDa) and eYFP-AAV (28.6 kDa). Cells were cultivated in 70 ml of BHI medium
with 2% glucose to an ODsx of 3—4. Prior and after addition of Tet and Rif (addition of antibiotics after 1.5 h) 5 ml of cells were harvested by
centrifugation and subsequently frozen in liquid nitrogen. For isolation of crude extract cells were ruptured with glass beads in TE buffer

(10 mM Trig, 1 mM EDTA, pH 8) with complete protease inhibitor (Roche, Germany). Samples (25 pug) were loaded on two identical SDS gels
and proteins were separated by SDS-PAGE and analysed via Western blot analysis using anti-GFP (cross-reacting to eYFP) and anti-lcd for
referencing (80 kDa). The intensity of bands was analysed with the AIDA software version 4.15 (Raytest GmbH, Germany). The images are
representative ones out of three independent biclogical replicates.

© 2012 The Authors
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respective strains were inhibited by the addition of tetracy-
cline and rifampicin (100 pug mI~" and 250 pg ml~, respec-
tively) to the culture medium. Both antibiotics were added
1.5 h after induction with IPTG. The decrease in fluores-
cence was measured in 10 min intervals in the BioLector
system (Fig. 1A and B). In the course of these measure-
ments, a stable signal was observed for native eYFP for
=24 h whereas a rapid decrease in signal was observed
for eYFP-ASV and eYFP-AAV. The half-life of both variants
was determined via Western blot analysis using anti-GFP
antibodies cross-reacting towards eYFP. A rapid decrease
in eYFP protein level was detected for both, ASV and AAV,
tagged variants and half-lives of 22 = 4 min (ASV) and
8 = 3 min (AAV) were calculated (Fig. 1C and Table 2).
The reference protein, isocitrate dehydrogenase (lcd),
exhibited a stable signal in Western blot analysis within the
period of measurement (Fig. 1C). These data are in agree-
ment with studies of SsrA-tagged variants in E. coli or
Mycobacterium species. In almost all cases ASV and AAV
variants resulted in a moderate destabilization of reporter
proteins, whereas the native tag and the LVA variant are
very unstable and hardly useful for the study of expres-
sion kinetics (Andersen ef al., 1998; Triccas ef al., 2002;
Blokpoel et al., 2003; Allen et al., 2007).

We also investigated the suitability of SsrA-tagged
GFPuv variants as reporters for transient gene expres-
sion, since GFPuv has been used as an appropriate
reporter for C. glutamicum promoters in previous studies
(Knoppova etfal, 2007; HanBler efal, 2009). As
observed for the eYFP variants, no signal was detectable
for proteins fused to the native SsrAtag or the LVA version
whereas for GFPuv tagged with either ASV or AAV, fluo-
rescence could be monitored (Fig. 2). However, in con-
trast to eYFP, tagging of GFPuv led to an immense loss in
fluorescent signal with a very low residual fluorescence of
10% (AAV) and 12% (ASV) compared with native GFPuv.
Since these fluorescence levels were only slightly above
background level, determination of reporter half-lives was
hardly feasible (Fig. 2).

The results observed for eYFP and GFPuv show that
the destabilizing effect conferred by a specific degrada-
tion tag depends very much on the protein it is fused to. In
fact, when fusing the same SsrA tag variants (ASV and
AAV) to the far-red dsRed derivative E2-Crimson (Strack
etal,, 2009), only a slightly decreased protein stability
was obtained, whereas a major fraction of the proteins
seemed stable after blocking translation and transcription
with antibiotics (data not shown). This effect might be due
to the tetrameric structure of E2-Crimson masking the
SsrA tag towards recognition by tail-specific proteases.
A similar assumption was made by Allen and co-workers
who constructed an SsrA-tagged version of the luciferase
subunits LuxB and LuxA, respectively (Allen et al., 2007).
In their study, tagging of LuxB did not result in significant

© 2012 The Authors
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Fig. 2. Fluorescence of recombinant C. glutamicum strains
expressing gip variants. Shown is ATCC 13032/pEKEx2-gfouv
(black), ATCC 13032/pEKEx2-gfpuv-aav (patterned), ATCC 13032/
pEKEx2-gfpuv-asv (grey) and ATCC 13032/pEKEx2 (white) as
control. Cells were cultivated in CGXIl minimal medium containing
1 mM IPTG to an ODen of 3-5; 2 ml of cells were harvested by
cenfrifugation and subsequently frozen in liquid nitrogen. Fluores-
cence was determined using Fluorolog 3 Double Spectrometer
(Spex, USA). For this purpose, cells were thawed on ice, resus-
pended in 10 ml of cold TE buffer (10 mM Tris, 1 mM EDTA,

pH 7.5) and the ODsw was determined. GFPuv fluorescence was
camied out in triplicates using an excitation wavelength of 395 nm
and recording emission at 509 nm. The graph shows the mean
maximum fluorescence referred to the cell dry weight (1 ml of cell
suspension of an ODg,, of 1 corresponds to 0.36 mg of dry
weight).

protein degradation; modification of both subunits, LuxA
and LuxB, resulted in a rapid decay of bioluminescence.
Therefore, a masking of the SsrA tag within a protein
complex is an aspect which has to be considered for the
destabilization of multimeric proteins.

As proof of principle we applied the eYFP-ASV variant
to study the dynamic expression of the gniK gene in
C. glutamicum. Expression of gniK, encoding gluconate
kinase, is stringently regulated by the transcriptional regu-
lators GntR1 and GntR2 in response to carbon source
availability (Frunzke et al., 2008b). When gluconate, the
substrate of GntK, is present, repression of gnitK by
GntR1/2 is relieved and expression of gnik is strongly
induced in the exponential growth phase. To assess
the suitability of the unstable eYFP-ASV variant, fusions
of the Pgmx promoter with eyfp or eyfp-asv, respectively,
were constructed and cloned into the vector pJC1. As
expected, both promoter fusions gave rise to a significant
fluorescent signal when the cells were cultivated in
minimal medium containing gluconate as carbon source
(Fig. 3A: 100 mM gluconate; Fig. 3B: 50 mM of glucose
and gluconate). No signal was observed in minimal
medium with 100 mM glucose (data not shown). In con-
trast to the reporter with native eYFP, the signal of the

Microbial Biotechnology © 2012 Society for Applied Microbiology and Blackwell Publishing Lid, Microbial Bictechnology, 6, 196—201
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Fig. 3. Application of eYFP (grey) and destabilized eYFP-ASV (black) for dynamic gene expression analysis of gntK in C. glufamicum. Cells
were inoculated to an ODew of 1 in 750 pl of CGXII minimal medium containing either 100 mM gluconate (A) or 50 mM glucose and gluconate
(B) in 48-well microtiter plates in the BioLector cultivation system (m2p labs, Germany). The final backscatter corresponds to a maximum
ODggo of 35 and 38 for growth on 100 mM gluconate and 50 mM glucose plus gluconate, respectively. For pre-cultures, cells were cultvated in
CGXIl with 100 mM glucose. Growth (dashed line) and fluorescence (solid line) were recorded in 15 min intervalz (for details see Fig. 1).

eYFP-ASV variant dropped back to zero when entering
the stationary phase which is in agreement with enzyme
activity measurements of GntK (Frunzke ef al.,, 2008b).
The signal of native eYFP, however, did not reach back-
ground level within 24 h of measurement. This illustrates
the suitability of unstable reporter variants to mirror the
dynamic expression pattern of a gene of interest. Notably,
the kink in specific fluorescence residing at the entrance
into the stationary phase is due to delayed chromophore
maturation in the log phase caused by oxygen limitation
(Tsien, 1998; Shaner et al., 2005; Drepper et al., 2010).
This effect is most likely less distinct for the unstable
variant due to a lower amount of protein requiring oxygen
for chromophore maturation. The kink in fluorescence was
not observed with carbon source concentrations lower
than 50 mM (data not shown). Interestingly, C. glutami-
cum expressing native eyfp showed a slight delay in
growth in comparison with cells expressing the eyfp-asv
variant. This indicates that expression of unstable reporter
protein variants might even diminish the burden for the
cell due to a rapid protein turnover and the avoidance of
protein accumulation. A drawback of unstable variants is,
however, the lowered reporter output (about twofold lower
for eYFP-ASV) compared with the native reporter protein,
which might lead to problems when monitoring genes with
a low expression level. Consequently, the choice of the
fluorescent protein variant, regarding spectral properties
and protein half-life, clearly depends on the strength and
dynamics of the promoter to be measured. Enlarging the
tool box of reporter protein variants is required for optimal
experimental design and output.

In a recent study, introduction of an SsrA-tagged variant
of the enzyme TyrA into a phenylalanine producing E. coli
strain was an elegant approach to improve the accumu-

lation of phenylalanine (Doroshenko et al, 2010). Our
data reveal the applicability of corynebacterial SsrA tags
and variants thereof for the efficient destabilization of
eYFP and GFPuv in C. glutamicum. The use of SsrA
peptide tagging is, yet, not limited to reporter proteins, but
can be a valuable tool for the engineering of synthetic
gene circuits (Elowitz and Leibler, 2000) or fine-tuning of
protein levels in metabolic engineering of this important
platform organism.
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Summary

Currently, the development of strains for the
production of L-methionine is of major interest for
industrial biotechnology. In the present work, we
isolated L-methionine producing strains by high-
throughput screening of  Corynebacterium
glutamicum mutant libraries using fluorescence-
activated cell sorting (FACS). The screening
approach relied on implementation of the recently

presented Lrp-biosensor, which enables the
intracellular detection of L-methionine and
branched-chain amino acids at single cell

resolution transforming this information into an
optical readout (eYFP fluorescence). The outcome
of the screen was significantly influenced by the
genetic background of the strain used for mutant
library construction and cultivation conditions of
the mutants. The isolated strains produced up to
7.6 MM L-methionine after 48 h cultivation in
microtiter plates. Whole genome sequencing of the
best producing mutants revealed novel mutations
in genes of the central metabolism and pathways
contributing to L-methionine biosynthesis as well
as in genes encoding transcriptional regulators
involved in sulfur utilization, SsuR and CysR, and
genes coding for proteins of the L-methionine
transport, BrnFE. Overall, this study illustrates
how biosensor-based high-throughput screening
combined with whole genome sequencing enables
efficient isolation of L-methionine producing
strains and rapid access to novel mutations, thus,
contributing successfully to microbial strain
development.

Introduction

The Gram-positive soil bacterium Corynebacterium
glutamicum represents nowadays one of the most
important  platform  organisms  of industrial
biotechnology dominating the global large-scale
production with more than three million tons of L-
glutamate and L-lysine per year (Eggeling & Bott,
2005; Burkovski, 2008). Increased meat consumption

and the fast growth of the poultry segment are
predicted to drive the consumption of amino acids in
the near future. In particular, there is a high demand of
L-methionine being the first limiting amino acid in
poultry farming. Currently, about 685-700 kilo metric
tons of the racemic mixture D/L-methionine are
produced. But in contrast to other industrial relevant
amino acids, it is still produced on petrochemical basis
(Novus International, 2010). Despite several efforts to
set up a competitive biotechnological process for
microbial  production, a breakthrough towards
commercial relevant yield levels has not been
achieved so far (Kumar & Gomes, 2005). Currently
available strains were obtained traditionally by random
mutagenesis and subsequent selection using L-
methionine analogues. Park ef al. harnessed
successful overproduction of L-lysine, which shares
the common precursor L-aspartate, by redirecting
carbon flux of the genetically undefined L-lysine
producer C. glutamicum MH20-22B towards L-
methionine synthesis, yielding production of 2.9 g I L-
methionine (Park et al., 2007; Menkel et al., 1989).
Elementary flux mode analysis predicted a high
metabolic potential of C. glutamicum for L-methionine
production (0.49 (C-mol) (C-mol)") (Kromer et al.,
2006). Recently, we reported on a novel biosensor-
based high-throughput screening approach for the
isolation of amino acid producing mutants of
C. glutamicum (Mustafi et al, 2012). The presented
biosensor is based on the transcriptional regulator Lrp
(leucine-responsive protein) of C. glutamicum, which
was shown to activate the expression of bmFE
encoding an amino acid export system in the presence
of increased levels of the branched-chain amino acids
(L-leucine, L-isoleucine and L-valine) or L-methionine
(Lange et al, 2012; Trotschel et al, 2005;
Kennerknecht et al., 2002). By setting eyfp expression
under the control of Pymre the sensor transforms the
intracellular levels of the effector amino acids into an
optical readout (eYFP fluorescence). Visualization of
amino acid production at the single cell level combined
with flow cytometrical high-throughput techniques
enabled rapid screening of large C. glutamicum mutant
libraries and resulted in the successful isolation of
numerous mutants producing branched-chain amino
acids. Binder et al. reported on a similar approach
using a biosensor for L-lysine detection, which resulted
in effective isolation of L-lysine production strains and
the identification of novel mutations serving to increase
L-lysine production in C. glutamicum (Binder et al.,
2012). However, no L-methionine producing mutants
were obtained in the initial screening using the Lrp-
biosensor, thus, we focused in this study on adaption
of the high-throughput screening procedure to isolate
in particular L-methionine producing mutants.



Results and discussion

Alternative cultivation conditions and strain
backgrounds

Typically, product formation strongly depends on the
medium composition used for cultivation. Studies by
Kromer et al. predicted a strongly increased theoretical
potential for L-methionine production when alternative
sulfur sources are provided. Basically, the assimilation
of conventionally used sulfate requires 2 ATP and 4
NADPH. In contrast, sulfur compounds with a high
degree of reduction, such as thiosulfate (+l) or sulfide
(-I) offer a reduced NADPH demand. In the case of
methanethiol (-11) or its dimeric form dimethlyldisulfide
(-11), additionally the terminal methylation step is
avoided resulting in an increase of the theoretical L-
methionine yield (Krémer et al, 2006). However,
comparatively high costs, inefficient MetY activity
catalyzing their incorporation, and depletion of the
MetY substrate O-acetylhomoserine make
methanethiol and dimethyldisulfide less suitable as
sulfur source in screening media (Bolten et al., 2010).
In our studies, we used alternatively sulfate in
combination with thiosulfate as sulfur source. Unless
stated otherwise, all cultivations within the screening
system were performed in CaCOs-buffered medium
containing glucose. Further nutrients and compounds
were based on reported media composition for L-
methionine production (Kase & Nakayama, 1974;
Deutenberg, 2003; Reershemius, 2008).

Besides the cultivation conditions, the background
strain used for library construction can have a strong
impact on the screening outcome. First screenings
based on the Lrp-sensor used the C. glutamicum wild
type strain as parental background and resulted in the
isolation of mutants producing exclusively the
branched-chain amino acids (Mustafi et al, 2012).
Hence, we started following screenings based on
C. glutamicum strains harboring genetic modifications
assumed to be beneficial for L-methionine production.
McbR, a TetR-type regulator, acts as global repressor
of L-methionine and L-cysteine synthesis in
C. glutamicum (Rey et al., 2003; Rey et al., 2005). Due
to its stringent transcriptional control on biosynthesis
genes, deletion of mchbR is regarded as important
prerequisite for the successful overproduction of L-
methionine. Further deletions of metQNI and metP
coding for the described L-methionine uptake systems
were proposed to enhance L-methionine vyield, since
reuptake of L-methionine is prevented (Trotschel et al.,
2008). In previous studies, Park et al. could show that
excreted extracellular L-methionine is depleted, when
the carbon source in the media is consumed, indicating
a reuptake of L-methionine (Park et al., 2007).

In C. glutamicum biosynthesis of L-methionine
branches from L-lysine synthesis at the shared
precursor L-aspartate with the transformation of

| 48

aspartate semialdehyde to L-homoserine. The
biosynthetic pathway of L-lysine and L-threonine share
the same first reactions steps, catalyzed by the L-
lysine and L-threonine feedback controlled aspartate
kinase (lysC), aspartate semialdehyde dehydrogenase
(asd) and homoserine dehydrogenase (hom)
(Kalinowski et al, 1991; Cremer et al., 1988).
Successful overproduction of L-lysine in C. glutamicum
was achieved by abolishing feedback inhibition of the
respective enzymes (lysC™"", hom"** hom®"®?)
(Ohnishi et al., 2002; Reinscheid et al., 1991). Further
strain modifications for L-lysine production focused on
the increased supply with oxaloacetate as direct
precursor of L-aspartate. This was realized by point
mutation in  pyc (pyc™**®*) encoding pyruvate
carboxylase, the major anapleurotic enzyme in
C. glutamicum, and deletion of pck coding for PEP-
carboxykinase, which uses oxaloacetate as substrate
and, thus, competes with synthesis of L-aspartate-
derived amino acids (Ohnishi et al., 2002; Petersen et
al., 2001).

Since L-lysine and L-methionine derive from the same
precursor L-aspartate, successful engineering of the L-
lysine producer C. glutamicum MH20-22B towards L-
methionine synthesis showed that available L-lysine
producers represent a well-founded starting point for
construction of L-methionine production strains (Park
et al., 2007). Therefore, Rickert et al. constructed
different basic strains for the overproduction of L-
methionine based on the described modifications for L-
lysine synthesis and deletions of mcbR, metQNI, and
metP (Rickert et al., unpublished). Furthermore, the
activity of S-adenosylmethionine (SAM)-synthetase
(metK) was reduced in order to decrease conversion of
L-methionine to SAM (Deutenberg, 2003). Two strains
harboring the listed modifications, termed CgN371 and
CgN373, were implemented in following biosensor-
based screenings for mutants with increased L-
methionine productivity. In order to understand to what
extent rational metabolic engineering prior to random
mutagenesis  influences  screening  outcomes,
C. glutamicum  AmcbR,  C. glutamicum  AmetP
AmetQNI and the L-lysine producer C. glutamicum
DM1730 were used additionally as parental strains.
Another approach focused on the effector sensitivity of
the biosensor by utilizing C. glutamicum AilvE AavtA, a
strain auxotrophic for branched-chain amino acids
(Marienhagen et al., 2005). Mutant library construction
based on this strain should significantly reduce the
isolation of mutants accumulating L-valine, L-
isoleucine or L-leucine and, thus, was proposed to lead
to an enrichment of L-methionine producing mutants.
To provide a basis for the following experiments, we
first measured L-methionine production of all strains
used for mutagenesis and screening. Under chosen
cultivation conditions (48 h, 30°C, microtiter plate, 990
rpm) C. glutamicum AmcbR showed a production of
0.9 mM and CgN371 of 1.7 mM L-methionine, whereas
CgN373 did not accumulate L-methionine. In the
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supernatant of C. glutamicum AmetP AmetQNI,
C. glutamicum AilvE AavtA and DM1730, L-methionine
was not detected after 48 hours of cultivation.

Screening of mutant libraries

The plasmid-encoded Lrp-sensor was transformed into
the different background strains described above.
Resulting strains were randomly mutagenized using N-
methyl-N"nitro-N-nitrosoguanidine (MNNG). According
to the selection strategy presented in Mustafi et al.,
cells of the constructed mutant libraries were screened
for their fluorescence output via FACS. Cells with
enhanced fluorescence emission displaying enhanced
cytosolic accumulation of the effector amino acids
were sorted on agar plates and re-cultivated in minimal
medium in microtiter plates (Mustafi et al., 2012). After
48 h of cultivation, amino acid concentrations of the
supernatant were assayed by uHPLC analysis.
Mutants producing 20% more L-methionine than the
parental strain were defined as positive clones.
Further, positive clones had to show at least 20% more
L-methionine in the supernatant than provided by the
yeast extract component in the medium (at the
beginning of cultivation).

The screening approach based on C. glutamicum
AmcbR, CgN371 and CgN373 resulted in 63.5%, 8.3%
and 12.5% positive clones, respectively. Mutants
derived from C. glutamicum AmcbR produced up to 7.6
mM L-methionine, mutants of CgN371 up to 5.9 mM,
and mutants of CgN373 up to 3.4 mM L-methionine
(Table 1). Taken together, about 50% of C. glutamicum
AmcbR mutants produced twice as much L-methionine
as the parental strain (Figure 1). Screening of libraries
based on C. glutamicum AmetP AmetQNI resulted in
isolation of only two positive clones which produced up
to 0.8 mM L-methionine. No positive clones were
obtained after mutagenesis of C. glutamicum AilvE
AaviA and DM1730. All analyzed mutants accumulated
the branched-chain amino acids (Table 1).
Remarkably, mutants derived from the auxotrophic
strain C. glutamicum AilvE AavtA showed low
accumulation of branched-chain amino acids. To
exclude that the isolated clones represent revertant
mutants, growth assays were performed on defined
CGXIl agar plates. None of the 96 analyzed mutants
showed growth without the supplementation of the

Table 1: Maximal amino acid production of mutants of the
respective C. glutamicum strain.

Strain L-Met L-val L-Leu L-lle
(mM) (mM) (mM) (mM)
AmcbR 7.6 n.d. 19.9 271
AmetP AmetQNI 0.8 13.2 4.4 4.0
AilvE AavtA 0 n.d. 3.7 24
CgN371 5.9 10.0 3.8 10.0
CgN373 34 13.0 41 6.0
DM1730 0 13.9 3.3 5.1
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Figure 1. L-methionine production of isolated C. glutamicum
AmcbR mutants. For random mutagenesis, C. glutamicum AmcbR
containing the Lrp-sensor was grown in complex medium (brain heart
infusion with 0.5 M sorbitol, BHIS) to an ODggo of 5 and subsequently
incubated with N-methyl-N"nitro-N-nitrosoguanidine (MNNG, 0.125
mg mI'1) for 15 minutes. After mutagenesis, the cells were cultivated in
BHIS medium for 24 h and then analyzed by FACS. Mutants exhibiting
enhanced fluorescence emission compared to C. glutamicum AmcbR
untreated cells were sorted on BHI agar plates. 96 mutants were used
to inoculate a microtiter plate (Flowerplate, m2p-labs GmbH, Aachen,
Germany) containing 1 ml minimal medium with 7% (w/v) glucose and
1% (w/v) yeast extract. After 48 h, amino acid concentrations in the
supernatant were measured by uHPLC (Agilent 1290 Infinity LC
ChemStation, Santa Clara, USA). The diagram shows L-methionine
production of 72 mutants (black bars) (96 analyzed in total) and the
parental strain C. glutamicum AmcbR (red bar).
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branched-chain amino acids, thus, revertant mutations
can be precluded. In this case, it seems highly
probable that isolated mutants represented false
positive clones with defects in export (bmFE),
detection of amino acids (Irp) or reporter output (eyfp).
Figure 2 summarizes the screening outcomes and the
viability after sorting of the different strain
backgrounds. Mutants originating from C. glutamicum
AmcbR (5.6%) and CgN373 (1.7%) featured a
considerably low survival rate. This was ascribed to the
deletion of mcbR, which was reported to have a 50%
reduced growth rate (Kromer et al., 2008). Additionally,
CgN371 mutants showed a strong decreased viability
(6.0%), which might be caused by the deregulated
SAM-synthetase of this strain (Satishchandran et al.,
1990). However, the reduced survival rate of
C. glutamicum AmetP AmetQNI remains unexplained,
since no effect on growth was reported for the deletion
of the importer proteins (Trotschel et al.,, 2008). The
described results clearly emphasize a strong impact of
the parental background on the success, e.g. isolation
of L-methionine producing mutants. Overall, the screen
of C. glutamicum AmetP AmetQNI, C. glutamicum
AilvE AavtA and the previously reported screen of the
wild type demonstrate that isolation of L-methionine
producing mutants is almost impossible without
previous modifications on the biosynthesis genes in
the strain background (Mustafi et al, 2012).
Modifications beneficial for L-lysine production, as
present in DM1730, did not have a positive impact on
the screening achievements. Only when combined with
further strain engineering towards regulation of L-
methionine biosynthesis, as in CgN371 and CgN373,
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Figure 2. Impact of the strain background on the survival rate and
isolation of positive clones in biosensor-based FACS screenings.
Shown is the percentage of positive clones (green bars), those
excreting minimally twofold higher L-methionine concentrations than
the parental strain (red bars) and the survival rate of mutants after
sorting (blue bars). Mutagenesis of the different C. glutamicum strains,
screening and cultivation of mutants, and amino acid determination
were performed as described for C. glutamicum AmcbR in the legend
of Figure 1.

positive clones were obtained. However, the best
screening results were achieved with the strain
harboring exclusively the single deletion of mcbR, thus,
underlying the importance of removing transcriptional

repression of the biosynthesis genes for
overproduction of L-methionine in C. glutamicum.
Verification of isolated producers

Re-cultivation (n=3) of 24 positively tested

C. glutamicum AmcbR mutants revealed significant
variations in L-methionine production, as it was
described in previous studies (Deutenberg, 2003). In
total, only 12 of 24 reanalyzed mutants reconfirmed L-
methionine accumulation. In some cases, L-methionine
production was about twofold decreased compared to
the yields obtained in the first screening. In five
independent cultivations, clones of mutant no. 62, for
example, showed an L-methionine titer ranging from
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1.7 mM to 7.5 mM L-methionine. Among all isolated
mutants, no. 62 and no. 58 showed the highest
production on average. For a detailed characterization,
mutant no. 62 and no. 58 were cultivated in 50 ml
shake flasks and amino acid concentrations were
assayed after 24 h and 48 h (Figure 3). Both mutants
showed strongly affected growth rate and a lower final
ODegoo of 43.6 (no. 62) and 20.8 (no. 58), respectively.
This is in accordance with published data of
C. glutamicum AmcbR exhibiting a 30% reduced
biomass yield compared to the wild type (Krémer et al.,
2008). However, L-methionine could not be detected in
culture supernatant of mutant no. 58 when cultivated in
shake flasks, whereas mutant no. 62 produced 2.3 mM
L-methionine and 1 mM L-valine within 24 h. Further
cultivation for 24 h did not result in a higher L-
methionine accumulation (2.1 mM). In contrast, re-
cultivation (n=3) of selected CgN373 mutants, showed
a lower variability in L-methionine accumulation.
Mutant no. 16 (1.3 mM), 33 (2.5 mM) and 75 (3.0 mM)
showed the highest titer after 48 h. Remarkably, no L-
methionine accumulation could be detected when the
mutants were cultivated in CGXII minimal medium or
modified CGXIl medium containing CaCO3 instead of
MOPS (data not shown). This proved to be true for all
tested mutants independent of the strain background.

Genome sequence of C. glutamicum AmcbR and
CgN373 mutants

Whole genome sequencing of the best producing
mutants, C. glutamicum AmcbR mutant no. 58, 62, and
63, as well as of CgN373 mutant no. 16, 33, and 75
(Table 2) was performed on a lllumina Miseq
sequencing platform yielding a total of 8,434,942
reads. Mapping was performed using the program
SARUMAN with an error rate of 8% allowing ~95% of
the reads to be mapped to the reference genome of
C. glutamicum ATCC 13032 (Blom et al., 2011).

B

No.5824h No.5848h No.6224h No0.6248h

Figure 3. Characterization of C. glutamicum AmcbR mutants. (A) Growth of C. glutamicum AmcbR mutant no. 58 (e) and no. 62 (¢) in CaCO3-
buffered medium containing 7% (w/v) glucose and 1% (w/v) yeast extract. Cells were pre-cultivated in BHI complex medium for 24 h and used to
inoculate 50 ml minimal medium in shake flasks to an ODgg of 1. (B) Amino acid concentrations of the respective strains were assayed after 24 h
and 48 h cultivation, L-methionine (black bars), L-isoleucine (red bars), L-leucine (green bars), and L-valine (blue bars).
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This resulted in a mean coverage of the reference
genome of 35.6- to 60.1-fold with 99.8% of the
reference genome covered at least tenfold. In total, the
analysis revealed a genome-wide distribution of up to
459 single-nucleotide polymorphisms (SNPs), two
deletions, and six insertions within CgN373 mutants.
Moreover, up to 332 SNPs, two deletions and one
insertion were detected within C. glutamicum AmcbR
mutants (see Figure S1 in Sl). The majority of SNPs
consisted of transitions (G-C—A'T), as it is expected
when using MNNG for mutagenesis (Ohnishi et al.,
2008). We screened the sequencing data for mutations
in genes specific for L-methionine biosynthesis as well
as pathways supplying building blocks, precursors and
redox power (Figure 4). In silico analysis for rational
design of L-methionine production predicted a high flux
through pentose phosphate pathway (PPP) to
generate the required high amount of NADPH (8 mol
NADPH per mol L-methionine) (Krémer et al.,, 2006).
Mutations in the PPP gene gnd (6-phosphogluconate
dehydrogenase) making it less sensitive to feedback
inhibition, as well as overexpression of the entire
transketolase (tkt) operon (zwf, opcA, tkt and tal) has
already been proven to be of benefit for L-lysine
overproduction (Becker et al, 2011; Ohnishi et al.,
2005). Sequencing revealed undescribed mutations in
gndR3760, tktmgﬁ, and tkt®*'°. Enhanced activities of
anapleurotic or glyoxylate shunt enzymes improve the
availability of oxaloacetate, the direct precursor of L-
aspartate. This can strongly increase the production of
the L-aspartate-derived amino acids (Sauer &
Eikmanns, 2005; Peters-Wendisch et al., 2001;
Litsanov et al, 2012). Several mutations in pyc
(pyc®**® pycS'%) " ppc  coding for phospho-
enolpyruvate carboxylase (ppcA543V, ppcRGC, pch432'),
aceA coding for isocitrate lyase (aceA™'®", aceA®'¥'P)
and odx encoding a putative oxaloacetate
decarboxylase (odx®"™, 0dx®'%%®  o0dx*?*") were
found in the sequenced mutants. Reducing feedback
control of aspartate kinase (lysC) has been proven to
be an important prerequisite for L-lysine production in
C. glutamicum. Various mutations of lysC are reported;
our sequencing revealed a novel one (lysC"2"*%) in the
regulatory subunit of aspartate kinase (Cremer et al.,
1991; Follettie et al., 1993; Kalinowski et al., 1991;
Sugimoto et al, 1997; Yoshida et al., 2010). In the
pathway leading from L-homoserine to L-methionine,
mutations resulting in amino acid exchange occurred
only in metH (metH"*") encoding a vitamin B12-
dependent methionine synthase, which incorporates
the methyl group into homocysteine yielding L-
methionine (Rickert et al., 2003). Mutations in SAM
and L-methionine feedback controlled metX
(homoserine O-acetyltransferase), metY (O-acetyl-
homoserine sulfhydrylase) and metB (cystathionine y-
synthase) were not found. However, a mutation was
identified in cg2344 (cg2344"°*) coding for a
hypothetical cystathionine B-synthase, which is
proposed to be involved in a pathway degrading L-
methionine to L-cysteine by converting homocysteine

to L-cystathionine (Rickert & Kalinowski, 2008).
Furthermore, several mutations in genes involved in
sulfur metabolism were identified: e.g. in seuA
(seuA”™®) and seuC (seuC™*") encoding FMNH2-
dependent monooxygenases involved in sulfonate
ester utilization (Koch et al., 2005b); cysH (cysH™")
encoding an adenosine phosphosulfate reductase
involved in reduction of sulfate to sulfite; in fpr?
(for1®*™Fy and for2 (for2®'®) encoding putative
NADP(+)—ferredoxin reductases, described to be
involved in reduction of sulfite to sulfide; and in cysG
(cysG®'E, cysG®*'F), a putative uroporphyrinogen lI
synthase, and thtR (thtR™*"), a thiosulfate
sulfurtransferase, described to be involved in siroheme
biosynthesis, which is an essential cofactor of sulfite
reductase (Rlckert & Kalinowski, 2008). In the
pathway of L-serine synthesis, two mutations were
revealed in serC (serC'?"*, serC*'*?") (phosphoserine
transaminase) catalyzing the amino transfer from L-
glutamate to generate 3-phosphoserine (Peters-
Wendisch et al, 2002). L-serine plays an important
role in L-methionine biosynthesis since it represents
the direct precursor of L-cysteine and acts as donor of
the methyl group for formation of methyl-
tetrahydrofolate (THF). In the downstream pathway
leading from L-serine to L-cysteine, mutations in cysK
(cyskKE™*)  encoding cysteine synthase, which
catalyzes L-cysteine formation by sulfhydrylation of O-
acetyl-L-serine, were identified (Wada et al, 2004).
Additionally, mutations in genes coding for the L-
methionine export system brnFE (brnF"*%°, brnE®®'P)
were found. Manipulated transport systems increasing
the export of target amino acids proved to enhance
significantly L-isoleucine yields in C. glutamicum (Xie
et al., 2012). However, identified modifications relied
on deletion or overexpression of the respective genes.
Mutations affecting transport rates are not described
for BrnFE so far. As increased concentrations of
intermediates of the sulfur metabolism can be toxic to
the cell and as L-methionine biosynthesis demands on
high energy costs, pathways involved in sulfur
metabolism are tightly regulated on the transcriptional
level (Rickert & Kalinowski, 2008). Besides McbR
acting as master regulator of L-methionine and

Table 2: L-methionine production of selected mutant
strains and the respective parental strains CgN373 and
C. glutamicum AmcbR which were analyzed by whole
genome sequencing.

. L-Met
Strain (mM)
CgN373 0
CgN373 mutant no. 16 1.3
CgN373 mutant no. 33 25
CgN373 mutant no. 75 3.4
C. glutamicum AmcbR 1.0
C. glutamicum AmcbR mutant no. 58 7.6
C. glutamicum AmcbR mutant no. 62 7.5
C. glutamicum AmcbR mutant no. 63 3.3




| 52

™

EMP

-
0—\{seuAC/. . Sulfur : PPP J
: $ W ’ 'Q:I.D\%i. ./—
oA K,
s
[L-glycine| -m . Serlne .
L-cysteine ﬂ:;ﬁ;éj}f . I"se’r‘"e- E;%% I/
| K.
ethion A S N L e
etnionine ) met/:j: Savan x:i:m:‘
\m@? N LN \. |
- NS
—~
S Folate
[bm‘FE \:
-

Figure 4. Schematic illustration of central metabolism and pathways involved in L-methionine biosynthesis in C. glutamicum. Pathways
are shown according to Droste et al. including glycolysis (EMP), pentose-phosphate pathway (PPP), tricarboxylic acid cycle (TCA), glyoxylate
cycle (GLX), and anaplerotic fluxes (ANA) (Droste et al., 2011). Mutations resulting in amino acid exchanges (m) or stop codons (x) in genes of the
respective genome are indicated. Silent mutations are not implemented. The sequencing libraries were created from 50 ng genomic DNA per
sample using the Nextera library preparation kit (Epicentre Biotechnologies, Madison, W1, USA) according to the manufacturer's protocol, including
the introduction of a barcode for each sample. Afterwards, equal molar amounts of the eight libraries were pooled and this pool was used for
sequencing on a lllumina Miseq sequencing platform. The run (151+8+151 bp) yielded a total of 8,434,942 reads post filtering and de-multiplexing
(2x 4,217,471 read pairs). Per sample, 825k to 1,389k were obtained corresponding to 247.6 to 416.9 Mbases of data. Mapping was performed
using the program SARUMAN with an error rate of 8% allowing ~95% of the reads to be mapped to the reference genome (C. glutamicum ATCC
13032) (Blom et al., 2011). This resulted in a mean coverage of the reference genome of 35.6- to 60.1-fold with 99.8% of the reference genome
covered at least tenfold. MT*=SAM-dependent methyltransferases.
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L-cysteine biosynthesis, two further regulators of the
ROK-type family were identified in C. glutamicum,
SsuR and CysR. Both regulators control a subset of
genes of the McbR regulon involved in sulfonate
(ester) utilization (SsuR) and sulfate reduction in
response to the availability of sulfide acceptor
molecules (CysR) (Koch et al., 2005a; Ruckert et al.,
2008). Mutations were identified in ssuR (ssuR™'**",
ssuR°®™) as well as in cysR (cysR™Y, cysR®'®'D).
Though, no mutations were found in the mcbR gene
itself or in identified binding sites of McbR target genes
(Rey et al., 2005). Mampel et al. isolated a cg3031
deficient strain by transposon mutagenesis and
reported on a twofold improved L-methionine
production compared to the wild type strain (Mampel et
al., 2005). Cg3031 was postulated to act as regulatory
element on expression of the cys-operon. However,
direct transcriptional regulation could not be proven
and no ftranscriptional regulatory domains were
predicted for this protein. Interestingly, cg3031
mutations in three sequenced mutants were found: two
resulting in a stop codon (cg3031%**% ¢g30131"'%)
and 093031(32410. Table 1 in SI summarizes all
mutations which were identified in (putative)
transcriptional regulators in our screenings.

Concluding remarks and future perspectives

Biosensor-based FACS high-throughput screening of
C. glutamicum mutant libraries enabled rapid isolation
of L-methionine producing mutants. Different strain
backgrounds used for mutant library construction
revealed deletion of mcbR as key modification for
overproduction in C. glutamicum. Sequencing analysis
of the isolated mutants provided first insights into
genomic constitution of L-methionine producing
strains. Overall, a large number of novel mutations was
revealed, distributed in metabolic pathways channeling
carbon flux from central metabolism to L-aspartate and
finally to L-methionine, as well as in genes encoding
regulatory proteins. Future studies will focus on
transcriptome analysis of the isolated mutants in order
to analyze the impact of the identified mutations on the
global gene expression pattern of sulfur metabolism. In
order to gain a defined L-methionine production strain,
harboring only biotechnologically useful mutations
without accumulation of undefined ones, selected
mutations will systematically be introduced into the wild
type strain and analyzed for their individual influence
on L-methionine production.

The successful isolation of L-methionine producing
mutants by implementation of the Lrp-sensor in
fluorescence-activated cell sorting, proved the sensor
technology as powerful tool for novel high-throughput
screenings of bacterial production strains. So far, our
studies focused on screening of mutant libraries
derived from C. glutamicum. In silico analysis of

metabolic pathways for L-methionine production
revealed an even higher theoretical, optimal L-
methionine yield of Escherichia coli compared to
C. glutamicum (Kromer et al., 2006). Thus, future work
will focus on the development of a suitable biosensor
for E.coli and its application in high-throughput
screenings of E. coli based mutant libraries. Detailed
genomic and transcriptome analysis of new mutants
should permit targeted engineering of L-methionine
overproducing strains viable in commercial production
processes in the near future.
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Abstract

Metabolite sensing biosensors transforming the detection of inconspicuous, small molecules into an optical
readout (e.g. fluorescence) present powerful tools for single cell quantification of metabolites. However, their
versatile potential for analysis of metabolite production in biotechnological processes has rarely been exploited
so far. In this study, the recently developed Lrp-biosensor, capable of monitoring amino acid production in single
bacterial cells, was applied to investigate population dynamics of gradually engineered L-valine producing
Corynebacterium glutamicum strains. Strains under study are based on the pyruvate dehydrogenase complex-
deficient strain C. glutamicum AaceE. Multiparameter flow cytometry analysis of lab-scale fed-batch cultures
revealed not only differences in single cell productivity, but also showed the occurrence of several
subpopulations with significant loss in metabolic activity and viability during the cultivation process. To study
these observations in a time-resolved manner, we performed growth and production studies of single cells in
microfluidic systems, providing constant environmental cultivation conditions. These investigations revealed
typical Gaussian distribution regarding single cell fluorescence. However, live cell imaging studies displayed the
appearance of different types of non-producing cells within isogenic microcolonies. These findings prove the
Lrp-biosensor as a valuable tool for single cell monitoring and quantification of phenotypic variability in
production processes.

1. Introduction within isogenic populations and resulting formation of

subpopulations are considered to be beneficial, as their
Often isogenic bacterial cultures are regarded as  ccurrence allows rapid adaption to sudden changes in
homogenous  populations,  neglecting  upcoming  epyironment (Kussell & Leibler, 2005; Acar et al.,
evidence for substantial variation in diverse 2008; Veening et al, 2008). In regard to
phenotypical traits. This common occurrence of biotechnological systems, however, arising phenotypic

multimodal heterogeneity can originate, for example  yarjation and resulting formation of insufficient
from differences in cell age or cell cycle, epigenetic

variation or simply stochastic effects in gene

producing subpopulations can adversely affect the

. . . entire production process (Miller et al, 2010;
expression (Lidstrom & Konopka, 2010; Elowitz ef [ ancastre Fernandes et al, 2011). Besides its
al., 2002; Cai et al., 2006; Karn et al, 2005). In

recent literature, examples of population heterogeneity

biological origin heterogeneity within cultivation
processes is enforced by microenvironmental
include heterologous protein expression in eg  yariations in e.g. dissolved gases, pH and nutrient
Bacillus megaterium, occurrence of subpopulations in ., centrations caused by insufficient mixing or

batch cultures of Lactobacillus rhamnosus, Bacillus  formation of biofilms (Lara et al., 2006; Liden, 2002;
licheniformis, and Pseudomonas taetrolens (David et Takors, 2012). This occurs even in well-mixed

al., 2011; da Silva et al., 2009; Alonso et al., 2012). In
natural environments inherent cell-to-cell variation

laboratory scale-cultures, and can severely impact
large-scale cultivations (Hewitt & Nienow, 2007,
Enfors et al., 2001; Brognaux et al., 2013; Brognaux
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57 |

et al, 2012). However, in most bioprocesses
monitoring is typically restricted to bulk approaches
delivering average values for the whole population,
but masking occurring variations at the single cell
level and thus possibly resulting in incorrect
interpretations of biological phenomena (Lidstrom &
Konopka, 2010).

In depth investigations and detailed understanding of
heterogeneity and its impact on the efficiency and
metabolite productivity of microbial productions
strains would therefore be the first goal for finally
performing efficient bioprocesses (Miiller et al,
2010). Especially, the investigation of cell-to-cell
heterogeneity in regard to metabolite production is of
major interest. However, this demands on the
development of novel tools and techniques for single
cell quantification and real-time monitoring of
inconspicuous, small metabolites (Fritzsch et al,
2012; Heinemann & Zenobi, 2011; Miiller & Hiller,
2013; Dietrich et al., 2010). In this context, the
application of genetically-encoded biosensors capable
of detecting molecules and transforming this
information into an optical readout can provide
valuable insights into production process with single
cell resolution (Lencastre Fernandes et al., 2011;
Zhang & Keasling, 2011; Dietrich et al., 2010). Flow
cytometry proved as valuable technique to access
multiple parameters in single cells, such as cell size,
cell granularity, DNA content, membrane potential
and integrity (Diaz et al, 2010; Tracy et al., 2010;
Miiller & Nebe-von-Caron, 2010; Brehm-Stecher &
Johnson, 2004). The application of metabolite sensing
biosensors in flow cytometrical studies thus, provides
a powerful tool to investigate population
heterogeneities regarding productivity and
physiological states of single cells by high throughput
analysis of large cell populations (Hewitt & Nebe-
Von-Caron, 2001; Lewis et al., 2004; Nebe-von-Caron
et al., 2000). While flow cytometry based analysis
provide a snapshot, the implementation of metabolite
biosensors in live cell imaging studies offers the
advantage of long time observation of single cell
growth and productivity with high temporal resolution
(Locke & Elowitz, 2009). Novel microfluidic reactor
systems enable bacterial cultivation at environmental
constant and defined conditions, hence allowing in
particular investigation of biological heterogeneity,
excluding cell-to-cell variability caused by highly
fluctuating cultivations conditions using lab-scale
reactors or shake-flasks (Schmid et al., 2010; Szita et
al., 2010; Gulati et al., 2009; Fritzsch et al., 2012;
Vinuselvi et al., 2011; Griinberger ef al., 2012).

Corynebacterium glutamicum represents one of the
most important platform organisms in industrial
biotechnology; dominating the global, large-scale
production of amino acids (e.g. L-glutamate, L-lysine,
and L-valine) (Eggeling & Bott, 2005; Burkovski,
2008; Wendisch, 2007). Studies of our lab using
multiparameter flow cytometry revealed phenotypic
heterogeneity in terms of viability, membrane
potential and growth activity of C. glutamicum wild
type cells (Neumeyer et al, 2013). However,
population  heterogeneity in particular during
production processes has not been studied in detail for
this species yet. Recently, our group reported on the
development of a genetically-encoded biosensor (Lrp-
sensor), which enables the cytosolic detection of
branched-chain amino acids or L-methionine in
C. glutamicum. The sensor was successfully applied in
FACS (fluorescence-activated cell sorting) high
throughput (HT) screenings for the isolation of amino
acid producing mutants (Mustafi ef al., 2012) and in
first live cell imaging studies of the L-valine
production strain C. glutamicum AaceE. Deletion of
the aceE gene, coding for E1p subunit of the pyruvate
dehydrogenase complex (PDHC) in C. glutamicum
results in acetate-dependent growth of this strain and
growth-decoupled L-valine production. Blombach et
al. showed that enhanced precursor availability, i.e.
pyruvate, achieved by deletion of the genes encoding
pyruvate:quinone oxidoreductase (pgo) and pyruvate
carboxylase (pyc) further increased L-valine
production in C. glutamicum (Blombach et al., 2008).
Enhanced supply with NADPH obtained by deletion
of pgi (phosphoglucose isomerase), redirecting carbon
flux from glycolysis to the pentose phosphate
pathway, and plasmid-bound overexpression of the L-
valine biosynthesis genes (ilvBNCE) resulted in a
drastic increased L-valine production and yields
achieving maximal theoretical Y ps.

In this work, we assessed the performance of the Lrp-
biosensor to investigate population dynamics with
respect to single cell productivity, plasmid content and
viability in C. glutamicum production  strains.
Therefore, the biosensor was implemented in
multiparameter FACS analysis and live cell imaging
studies of gradually engineered C. glutamicum L-
valine production strains, cultivated at different scales,
ranging from lab-scale bioreactors, cultivation in
microtiter plates to cultivation in microfluidic picoliter
bioreactors (PLBR).



2. Material and methods
2.1. Bacterial strains, media, and growth conditions

Bacterial strains and plasmids used or constructed in
this work are listed in Table 1. Unless stated
otherwise, pre-cultures of C. glutamicum were
inoculated with single colonies from a fresh brain
heart infusion (BHI) agar plate containing 51 mM
acetate and incubated in 4 ml BHI complex medium
with 51 mM acetate for 6 h at 30°C and 170 rpm. This
first pre-culture was used to inoculate a 100 ml shake
flask containing 20 ml CGXII minimal medium with
222 mM glucose and 154 mM acetate added as carbon
source (Keilhauer et al., 1993). The cells of the second
pre-culture were cultivated overnight at 30°C and
120 rpm, washed twice with 0.9% (w/v) saline and
then used to inoculate the main culture to an optical
density at 600 nm (ODgg) of 1. If not stated different,
cells in the main culture were cultivated under the
same conditions as in the pre-culture. Escherichia coli
DHS

rotary shaker (120 rpm) or on LB agar plates at 37°C
(Sambrook ef al., 2001). Where appropriate, the media
contained kanamycin (25 pg ml™ for C. glutamicum or
50 ugml!  for E coli) or isopropyl B-D-I-
thiogalactopyranoside (IPTG). Culture conditions in
microtiter plate cultivations in the BioLector (m2p-
labs GmbH, Aachen, Germany) system for online
monitoring of growth and fluorescence were
performed as described before (Kensy et al., 2009;
Mustafi ef al., 2012).

2.2. Recombinant DNA work

Standard methods like PCR, DNA restriction or
ligation were carried out according to standard
protocols (Sambrook et al, 2001). Synthesis of
oligonucleotides and sequencing analysis have been
performed by Eurofins MWG Operon (Ebersfeld,
Germany). The vector pE2-Crimson was derived by
Clontech Laboratories (Mountain View, CA, USA).
For the construction of pJC4-ilvBNCE-E2-Crimson
e2-crimson under transcriptional control of P,. was
amplified using oligonucleotides lacl-fw and E2-
Crimson-rv (Strack et al., 2009). The PCR product
was cloned into the vector pJC4-ilvBNCE by using
the Bst11071 restriction site (Radmacher ef al., 2002).
For chromosomal integration of the Lrp-sensor, the
sensor cassette was cloned into the intergenic region
of cgli2l, cglli22 by using pKI18-mobsacB-
cgl121,cgl122 (Mustafi et al., 2012). The transfer of
the integration plasmid into C. glutamicum and
selection of the first and second recombination events
were performed as described previously (Niebisch &
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Bott, 2001). The integration at the chromosomal locus
was verified by colony PCR using primers Int-cgl1121-
fw and Int-cg1122-rv.

2.3. L-valine production in fed-batch mode

Fed-batch fermentations were performed at 30°C in a
1.41 glass bioreactor (Multifors Multi-Fermenter
System) with six independently controllable bio-
reactors (Infors, Einsbach, Germany). Cells of an
50 ml overnight pre-culture grown in BHI complex
medium supplemented with 85 mM acetate in 500 ml
shake flasks were harvested, washed twice with
0.9% (w/v) saline and then used to inoculate 450 ml
CGXII minimal medium containing 0.5% BHI,
254 mM acetate and 222 mM glucose to an ODggy of
1. The bioreactors were sparged with 0.9 1 min™ air.
Oxygen saturation was measured online using a
polarimetric oxygen electrode (Mettler Toledo,
Giessen, Germany) and adjusted permanently to 30%
by gradually increasing stirrer speed from 600 rpm up

[ tovak0@Papm. adiobiptlywas dimectheasuoed ausing a

standard pH electrode (Mettler Toledo, Gief3en,
Deutschland) and adjusted to pH7 with 4M
potassium hydroxide and 4 M hydrochloric acid.
Foam development was suppressed automatically by
titration of 25% (v/v) silicon antifoam 204/water
suspension (Sigma Aldrich, Steinheim, Germany).
During the fed-batch processes, adequate amounts of
50% (w/v) glucose and 50% (w/v) acetate were
injected.

2.4. Quantification of amino acids, glucose, and
acetate

For determination of amino acids, glucose and acetate
concentrations in the supernatant, samples of the
cultures  were  harvested by centrifugation
(13,000 rpm, 10 min, 4°C). Amino acids were
quantified as their ortho-phthalaldehyde derivatives
via ultra-high pressure liquid chromatography by
automatic pre-column derivatization and separation by
reversed-phase chromatography on an Agilent 1290
Infinity LC ChemStation (Santa Clara, USA) with
fluorescence detection (A=230 nm and A.,;=450 nm).
As eluent, a gradient of 0.01 M Na,HPO,, 0.01 M
Na,B,O; buffer pH 8.2 with increasing concentrations
of methanol was wused. Glucose and acetate
concentrations were quantified using an Agilent 1100
liquid chromatogra-phy (LC) system (Santa Clara,
USA). Isocratic elution was performed with 100 mM
sulfuric acid. Glucose was detected via an Agilent
1100 refractive index detector, and acetate was
detected via an Agilent 1100 diode array detector at
215 nm.
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2.5. Microfluidic chip cultivation

Microfluidic PDMS-glass chips were fabricated
according to Griinberger et al. (Griinberger et al.,
2012). The microfluidic picoliter bioreactor system
(PLBR) used in this study is intended for microcolony
growth and growth-coupled phenotypic studies at the
single cell level (Griinberger ef al., 2013; Griinberger
et al., 2012). The device features several arrays of
PLBRs (1 um x 40 um x 40 um) allowing for high-
throughput observation of cells grown in a monolayer
under environmental constant conditions. The
principle is similar to the previous reported systems by
Griinberger et al. and was adapted in particular to trap
efficiency and reduced convectional flow within the
chambers (Griinberger et al., 2012). The microfluidic
PDMS-glass chip was placed inside an in-house
manufactured incubator for temperature and
atmosphere control and connected to 1 ml disposable
plastic syringes (Omnifix 40 Duo, B. Braun
Melsungen AG, Melsungen, Germany) for continuous
media supply. Media flow was controlled with high
precision syringe pumps (neMESYS, Cetoni GmbH,
Korbussen, Germany). The incubator was mounted
onto a fully motorized inverted Nikon Eclipse Ti
microscope (Nikon GmbH, Diisseldorf, Germany)
suitable for time-lapse live cell imaging. In detail, the
setup was equipped with a focus assistant (Nikon PFS)
compensating for thermal drift during long term
microscopy. The CFI Plan Apo Lambda DM 100X Oil
phase contrast objective was additionally heated with
an objective heater (ALA OBIJ-Heater, Ala Scientific
Instruments, USA). A cell suspension with an ODgg
between 0.5 and 1, transferred from a pre-culture at
exponential growth phase, was infused to the system.
After successful cell seeding with bacteria suspension,
the growth medium was infused at approx. 100 nl
min' per channel to initiate the cultivation. If not
stated differently, cells were grown for around 5 to
20 h in standard CGXII medium.

2.6. Live cell imaging and image analysis

For image analysis, the system was equipped with
ANDOR LUCA R DL604 camera (Andor Technology
plc., Belfast, UK) and a Xenon fluorescence light
source for fluorescence excitation. The YFP filters
used were HQ 500/20 (excitation filter; Chroma),
Q515 (dichroic; Chroma), and HQ 535/30 (emission;
Chroma). The E2-Crimson filters used were HQ
600/37 (excitation filter; Chroma), Q630 (dichroic;
Chroma), and Q675/67 (emission; Chroma). If not
stated differently, the fluorescence exposure time was
200 ms for E2-Crimson and 200 ms for eYFP with a

fluorescence intensity set to 100% of maximal power.
Phase contrast and fluorescence microscopy images of
several arrays of cells were captured in 15 min time
intervals and resulting time-lapse images were
recorded. The fluorescence exposure time and frame
rate was chosen in that way that the illumination did
not cause noticeable effects on cellular growth over
cultivation period. Typically between 10 and 20
colonies of the same experimental setting were
followed in one experiment. Only isogenic colonies
originating from one single cell, which did not lose
cells during cultivation, were taken for analysis;
reactors filled with more than one cell were excluded.
Differences of colony size to the time of medium
change could not be prevented, as they originated
from single cell variations in individual lag-phase and
growth rate. For fluorescence analysis (Figure 3, 4, 6)
the mean fluorescence value (eYFP and/or E2-
Crimson) for each cell was measured at distinct times.
For all obtained fluorescence values the background
fluorescence (measured at the cell-free space between
different PLBRs) of the same frame was subtracted.
Image analysis was performed with the Nikon NIS
Elements AR software package. The visualization of
the lineage tree (Figure 6B) was realized using in-
house Python based software.

2.7. Flow cytometry

Flow cytometrical measurements and sorting were
performed on a FACSAria II (Becton Dickinson, San
Jose, USA) with excitation at 488 nm from a blue
solid-state laser or at 633 nm from a red-diode laser at
13 mW. Forward scatter characteristics (FSC) and side
scatter characteristics (SSC) were detected as small-
and large-angle scatters of the 488 nm laser,
respectively.  Fluorescence detected using
following filter sets, eYFP (502 nm long-pass and a
530/30 nm band-pass filter), PI (595 nm long-pass and
a 610/20 nm band-pass filter), and E2-Crimson
(660/20 nm band-pass filter) (Neumeyer et al., 2013).
All analyses were performed while thresholding on
FSC to remove noise. For flow cytometry (FC)
analysis, C. glutamicum culture samples were diluted
to an ODgg of 0.05 in FACSFlow™ sheath fluid
buffer (BD, Heidelberg, Germany). For analysis of
cell viability, cell samples diluted to an ODgqy of 0.05
were incubated with 20 uM propidium iodide (PI)
(Molecular Probes, Leiden, Netherlands) for 15 min at
room temperature. Sorting was performed with 4-way
purity as the precision mode at a threshold rate up to
10,000 events/sec. Cells were sorted on BHI agar

was

plates supplemented with 51 mM acetate and

25 ug ml™ kanamycin.



3. Results
3.1. Online monitoring of L-valine production

Previously, we presented the Lrp-biosensor as
convenient tool to discriminate between low yield L-
valine production strains (<30 mM), such as AaceF,
and non-producing wild type cells. In this study, we
assessed the performance of the biosensor to monitor
the course of L-valine production over time and to
differentiate between high yield and basic production
of gradually engineered C. glutamicum L-valine
production strains. For this purpose, the Lrp-sensor
was chromosomally integrated in the different strains
in order to avoid plasmid-bound effects, such as
fluctuating copy numbers or plasmid loss. Strains
under study were AaceE::Lrp-sensor/pJC4-ilvBNCE-
E2-Crimson, AaceE Apgqo::Lrp-sensor/pJC4-ilvBN-
CE-E2-Crimson, AaceE Apgo Apgi::Lrp-sensor/pJC4-
ilvBNCE-E2-Crimson, and AaceE Apqo Apgi
Apyc::Lrp-sensor/pJC4-ilvBNCE-E2-Crimson, hence-
forth referred to as AaceE/pJC4-ilvBNCE-E2-
Crimson, AaceE Apqo/pJC4-ilvBNCE-E2-Crimson,
AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson, and
AaceE Apgo Apgi Apyc/pJC4-ilvBNCE-E2-Crimson.
The strains were cultivated in CGXII minimal medium
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supplied with 154 mM acetate and 222 mM glucose in
microtiter plates (0.75 ml filling volume) in the
BioLector cultivation system, enabling online
measurement of biomass (backscatter, given in a.u.)
and eYFP fluorescence (Kensy et al., 2009). The
strains grew exponentially within the first 12 to 15
hours, exhibiting decreasing fluorescence in time
(Figure 1A, B). Since the cells where pre-cultivated
over night in CGXIl minimal medium containing
222 mM glucose and 254 mM acetate, the residual
fluorescence signal resulted from L-valine production
in the pre-cultures and is subsequently diluted by cell
growth in the log phase. C. glutamicum AaceE/pJC4-
ilvBNCE-E2-Crimson ([m.x=0.32) and AaceE Apgo/
pJC4-ilvBNCE-E2-Crimson  (Wx=0.29)  showed
comparatively faster growth; AaceE Apqo Apgi/pJC4-
ilvBNCE-E2-Crimson (Wm.=0.27) and AaceE Apgo
Apgi  Apyc/pJC4-ilvBNCE-E2-Crimson  (Uma=0.24)
exhibited a lower growth rate. As soon as cells entered
the stationary phase, eYFP fluorescence was detected
indicating initiation of the growth-decoupled L-valine
production of the strains (Figure 1B). In previous
studies, the fluorescence output was shown to
correlate with increasing L-valine production of
AaceE (Mustafi et al., 2012). At the early production
phase, all strains exhibited similar fluorescence of the

Table 1: Bacterial strains, plasmids and oligonucleotides used in this study.

Strains, plasmids Relevant characteristics

Source or reference

Strains

E. coli DH5a
gyrA96,thil,relA1
C. glutamicum ATCC13032 Biotin-auxotrophic wild type

AaceE::Lrp-sensor

supE44, AlacU169 (¢80lacZDML15), hsdR17, recAl, endAl,

C. glutamicum wild type with deletion of the aceE gene, coding for the

Invitrogen

(Kinoshita et al., 1957)
(Schreiner et al., 2005)

Elp subunit of the pyruvate dehydrogenase complex (PDHC)

AaceE Apgo::Lrp-sensor
oxidoreductase
AaceE Apgo Apgi::Lrp-sensor

AaceE Apgo Apgi Apyc::Lrp-sensor
pyruvate carboxylase

AaceE strain with deletion of the pgo gene, coding for pyruvate:quinone

AaceE Apqo strain with deletion of the pgi gene, coding for the
phosphoglucose isomerase
AaceE Apgo Apgi strain with deletion of the pyc gene, coding for the

(Schreiner et al., 2006)
(Blombach et al., 2008)

(Blombach et al., 2008)

Plasmids

pJC1
pJCl-lrp-brnF’-eyfp

E. coli-C. glutamicum shuttle vector, KanR, oriVi, oriVe,.
Kan®; pJClderivative containing Lrp-sensor cassette, which consists of

(Schifer et al., 1997)
(Mustafi et al., 2012)

Irp (cg0313), the intergenic region of /rp brnF (cg0314) and a
transcriptional fusion of brnF with eyfp.

pIC4-ilvBNCE

Kan®; pJClderivative carrying the ilvBNCE genes coding for the L-

(Radmacher et al.,

valine biosynthetic enzymes acetohydroxyacid synthase, 2002)
isomeroreductase and transaminase B.
pJC4-ilvBNCE-E2-Crimson Similiar to pJC4-ilvBNCE, containing e2-crimson under transcriptional This work
control of Py,..
pK18-mobsacB-cgl121,cg1122- Kan®; 0riVz. sacB lacZa; vector for genomic integration of the Lrp- This work
Lrp-sensor sensor in the intergenic region of cgl 121-cgl1122 in C. glutamicum.
Oligonucleotides Sequence (5 — 3°)
lacl-fw TCAAGCCTTCGTCACTGGTCC This work
E2-Crimson-rv CTACTGGAACAGGTGGTGGCG This work
Int-cgl121-fw TTGGCGTGTGGTTGGTTAG This work
Int-cg1122-rv CGCATCAAGCAGATCTCTG This work
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L-valine biosensor, but split up in the course of
cultivation and differed significantly between high
yield producers AaceE Apgo Apgi/pJC4-ilvBNCE-E2-
Crimson, AaceE Apgo Apgi Apyc/pJC4-ilvBNCE-E2-
Crimson and basic producers AaceE/pJC4-ilvBNCE-
E2-Crimson, AaceE Apqo/pJC4-ilvBNCE-E2-Crim-
son twelve hours after entrance into the production
phase (Figure 1B, C). While fluorescence outputs of
AaceE/pJC4-ilvBNCE-E2-Crimson and AaceE Apgo/
pJC4-ilvBNCE-E2-Crimson reached within three
hours a maximum value, suggesting constant internal
L-valine concentrations, fluorescence intensities of
AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson and
AaceE Apgo Apgi Apyc/pJC4-ilvBNCE-E2-Crimson
increased for about ten hours, thus, displaying the
higher potential for L-valine production of these
strains. Determination of amino acid concentrations in
the supernatant confirmed different levels of L-valine
production, ranging from 30 mM L-valine in average
for AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson and
AaceE Apgo Apgi Apyc/pJC4-ilvBNCE-E2-Crimson
to 23 mM in average for AaceE/pJC4-ilvBNCE-E2-
Crimson and AaceE Apqo/pJC4-ilvBNCE-E2-Crim-
son (Figure 1C). These results show that the Lrp-
sensor is suitable to discriminate not only a ON/OFF
response (wild type versus production strain), but can
be applied for online monitoring of production
processes in basic as well as high yield production
strains, since (i) information about initiation of the
production process is provided, (ii) the course of
metabolite production process is displayed over time,
and (iii) different levels of productivity are revealed.

3.2. FACS-based multiparameter analysis of
AaceE/pJC4-ilvBNCE-E2-Crimson and AaceE
Apgqo Apgi/pJC4-ilvBNCE-E2-Crimson

In the following, the sensor was applied to display
population dynamics of C. glutamicum strains during
large-scale production processes at the single cell
level. In order to compare population structures of
basic and high yield production strains, we choose
AaceE/pJC4-ilvBNCE-E2-Crimson and AaceE Apgo
Apgi/pJC4-ilvBNCE-E2-Crimson for investigation.
FACS analysis of the strains were performed during
fed-batch cultivations in lab-scaled bioreactors
(450 ml filling volume) with 25 uM IPTG, 222 mM
glucose, 254 mM acetate, and 0.5% (w/v) BHI. To
allow growth to high cell densities, adequate amounts
of acetate were added two times to the growing cells.
C. glutamicum AaceE/pJC4-ilvBNCE-E2-Crimson
showed linear growth to an ODgg of 40 within 14 h
cultivation (Umx=0.35); AaceE Apgo Apgi/pJC4-

1lvBNCE-E2-Crimson reached within 21 hours an
ODgpo 0f 40 (pmax=0.24) (Figure 2A, B).
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Figure 1. Biosensor-based online monitoring of L-valine

production in C. glutamicum L-valine production strains with
chromosomally integrated Lrp-sensor. Growth (A) and Lrp-
sensor output, eYFP fluorescence, (B) of AaceE/pJC4-ilvBNCE-E2-
Crimson (diamond), AaceE Apqo/pJC4-ilvBNCE-E2-Crimson
(circle), AaceE Apqo Apgi/p]JC4-ilvBNCE-E2-Crimson (triangle),
and AaceE Apgo Apgi Apyc/pJC4-ilvBNCE-E2-Crimson (square)
cultivated in CGXII minimal medium containing 222 mM glucose
and 254 mM acetate. Data represent average values of two
independent cultivations. (C) EYFP fluorescence of respective
strains at the beginning of the production phase (black bars) and
twelve hours after the initiation of L-valine production (grey bars).
L-valine concentration (mM) in the supernatant of the respective
strain 26.5 h after beginning of cultivation is indicated above the
grey bars.



In addition to acetate and BHI, about 13 g glucose/l
was consumed during the growth phase by
AaceE/pJC4-ilvBNCE-E2-Crimson and about 6g
glucose/l by AaceE Apqo Apgi/pJC4-ilvBNCE-E2-
Crimson. Immediately after the depletion of the last
acetate pulse, both strains stopped growing and started
to produce L-valine. Three pulses of 222 mM glucose
to time points 15 h, 30 h and 50 h were added to the
stationary cells to allow high productivity by
providing the cells with sufficient carbon source. In
comparison to the published data of Blombach et al.
both strains showed a more than twofold reduced L-
valine production, AaceE/pJC4-ilvBNCE-E2-Crimson
accumulated about 73 mM L-valine within 49 h and
AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson about
77 mM (Blombach et al., 2008). Additionally, both
strains showed a significantly decreased glucose
consumption rate compared to the previously reported
data.

Multiparameter FACS analysis was applied to provide
detailed insights into phenotypic traits of the cells
during production process. The analysis included
measurements of morphological characteristics as the
relative cell size (forward scatter=FSC) and the
relative cell granularity (side scatter=SSC),
fluorescence measurements of eYFP, displaying
biosensor detected L-valine production of the cells and
fluorescence measurement of propidium iodide (PI) to
label cells with an impaired membrane integrity. In
order to gain information about plasmid content, e2-
crimson coding for far-red fluorescing E2-Crimson
was inserted under control of P, into the vector pJC4-
ilvBNCE (Strack ef al., 2009). This vector, encoding
L-valine biosynthesis genes i/[VBNCE for over-
expression, was introduced into all strains under study.
Thus, fluorescence measurements of E2-Crimson,
displayed presence of pJC4-ilvBNCE-E2-Crimson in
the cells. As it is demonstrated in Figure 2C, F
immediately after the depletion of acetate and the start
of L-valine production (AaceE/pJC4-ilvBNCE-E2-
Crimson, 20 h; AaceE Apgo Apgi/pJC4-ilvBNCE-E2-
Crimson, 24 h) cells exhibited an increased eYFP
signal. Due the rather low L-valine production of
AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson, no
significant difference in fluorescence output compared
to AaceE/pJC4-ilvBNCE-E2-Crimson was detected
over time (Figure 2C, F). Interestingly, measuring
eYFP and E2-Crimson fluorescence revealed the
occurrence of several subpopulations within the
fermentation culture of AaceE/pJC4-ilvBNCE-E2-
Crimson and AaceE Apgo Apgi/pJC4-ilvBNCE-E2-
Crimson (Figure 2E, H). Obviously, cells displaying a
high eYFP and E2-Crimson signal represented the
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productive subpopulation (12-14% for AaceE/pJC4-
ilvBNCE-E2-Crimson, 7% for AaceE Apqgo Apgil
pJC4-ilvBNCE-E2-Crimson) ~ within  the
Sorting of these cells on agar plates revealed a high
survival rate of 91% for AaceE/pJC4-ilvBNCE-E2-
Crimson cells and of 80% for AaceE Apgo Apgi/pJC4-
ilvBNCE-E2-Crimson cells. The largest population
(83-85% for  AaceE/pJC4-ilvBNCE-E2-Crimson,
~90% for AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crim-
son) was represented by cells showing a relatively low
eYFP signal, indicating a low internal L-valine level,
despite presence of pJC4-ilvBNCE-E2-Crimson and
thus, overexpression of L-valine biosynthesis genes in
the cells, which was displayed by a high E2-Crimson
fluorescence. The relative low survival rates of 59%
for AaceE/pJC4-ilvBNCE-E2-Crimson and 32% for
AaceE  Apgo Apgi/pJC4-ilvBNCE-E2-Crimson  sug-
gest, that this population represented energetically
exhausted cells, being partially metabolic active. In
addition, a subpopulation of E2-Crimson negative
cells was observed and cells of this population showed
almost no growth on plates. Strikingly, decrease in
E2-Crimson fluorescence was accompanied by a
strongly decreased eYFP signal, hence indicating a

culture.

correlation between the biosensor signal and the
plasmid marker. A fraction of this population (< 14%
for AaceE/pJC4-ilvBNCE-E2-Crimson, <28% for
AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson) dis-
played higher density compared to the main
population in FSC vs. SSC plots, indicating shrinkage
of cells. However, a small number of E2-Crimson
negative cells showed high eYFP fluorescence. Since
these cells formed no viable colonies after sorting,
they rather represented eYFP fluorescing cell debris of
lysed cells than metabolic active cells with a disturbed
E2-Crimson synthesis. Yet, they showed no variations
in FCS and SSC signals compared to the majority of
the culture. The results obtained by measuring eYFP
and E2-Crimson fluorescence were well supported by
staining of the cells with the fluorescent dye PI, a
commonly accepted marker indicating loss of
membrane integrity and viability. In the production
phase a large PI positive subpopulation (about 10% of
the entire population) was detected, which was less
pronounced in the log phase (Figure 2D, G). In fact,
all PI positive cells were also eYFP negative, but
negative and positive for E2-Crimson (data not
shown).

3.3. Live cell imaging of L-valine production

We presented the Lrp-biosensor as versatile tool for
online monitoring of L-valine production processes
performed at different scales. However, results
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Figure 2. Multiparameter FACS analysis of AaceE/pJC4-ilvBNCE-E2-Crimson and AaceE Apqo Apgi/pJC4-ilvBNCE-E2-Crimson
with chromosomally integrated Lrp-sensor in lab-scale bioreactor cultivation. Representative fed-batch cultivation of AaceE/pJC4-
ilvBNCE-E2-Crimson (A) and AaceE Apqo Apgi/pJC4-ilvBNCE-E2-Crimson (B), showing growth of the cells (diamonds), glucose
(squares), acetate (triangles), and L-valine (circles) concentrations in the supernatant. FACS generated histograms displaying eYFP
fluorescence (ratio eYFP/FSC) of AaceE/p]JC4-ilvBNCE-E2-Crimson (C) and AaceE Apqo Apgi/p]C4-ilvBNCE-E2-Crimson (F) to different
times, density plots displaying FSC and PI signal of AaceE/pJC4-ilvBNCE-E2-Crimson (D) and AaceE Apgo Apgi/pJC4-ilvBNCE-E2-
Crimson (G) in the production phase (t=32 h), and density plots displaying E2-Crimson and eYFP signal of AaceE/pJC4-ilvBNCE-E2-
Crimson (E) and AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson (H) in the production phase (t=32 h).

obtained from cultivation in microtiter-based
cultivation systems (e.g. BioLector system) provide
average data for the entire culture. In contrast, FACS
measurements allow the HT analysis of the respective
population at single cell resolution, but provide a
snapshot insight into the phenotypic distribution. To
investigate growth, physiology, and productivity states
of single «cells in a time-resolved manner,
C. glutamicum L-valine production stains were
cultivated in microfluidic PLBR chambers under
constant environmental conditions (Griinberger et al.,
2012). Therefore, AaceE/pJC4-ilvBNCE-E2-Crimson
and AaceE Apqo Apgi/pJC4-ilvBNCE-E2-Crimson

were grown in CGXII minimal medium, containing
154 mM acetate, 222 mM glucose in growth and
222 mM glucose in production phase on a
microfluidic chip system, consisting of arrays of
picoliter cultivation chambers (Figure 3A). Using
automated time-lapse microscopy growth and
production studies were performed in parallel manner.

Figure 3C shows two representative colonies of
AaceE/pJC4-ilvBNCE-E2-Crimson and AaceE Apgo
Apgi/pJC4-ilvBNCE-E2-Crimson during growth (ti,
t;) and L-valine production phase (t;-ts). In general,
AaceE/pJC4-ilvBNCE-E2-Crimson showed a higher



growth rate  (Umw=0.21+/-0.02 (n=12)) than
AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson  (Wmax=
0.15+/-0.02 (n=12)). In order to initiate L-valine
production, the carbon source in the medium, i.e.
acetate (154 mM), was replaced by glucose (222 mM)
after 18.5 hours. After medium switch cells gradually
stopped growing and simultaneously exhibited
progressively increasing eYFP fluorescence. The
average fluorescence signal of three microcolonies
(fluorescence signal per colony area) of AaceE/pJC4-
ilvBNCE-E2-Crimson and AaceE Apgo Apgi/pJC4-
ilvBNCE-E2-Crimson during growth and production
phase is depicted in Figure 3B. In contrast to AaceE
Apgo Apgi/pJC4-ilvBNCE-E2-Crimson colonies of
AaceE/pJC4-ilvBNCE-E2-Crimson displayed a low
eYFP signal already during the growth phase. As soon
as the medium was changed and the cells were
supplied with glucose, the eYFP signal increased in
colonies of both strains, indicating growth-decoupled
L-valine production.  Although AaceE Apqgo
Apgi/pJC4-ilvBNCE-E2-Crimson colonies displayed
lower  fluorescence  emission compared to
AaceE/pJC4-ilvBNCE-E2-Crimson colonies before
the beginning of the production phase (t=18.5h),
levels of fluorescence intensities increased comparable
when L-valine production was initiated. In agreement
with the results obtained by cultivations in the
BioLector system (see Figure 1) colonies of the high
yield producer AaceE Apgo Apgi/pJC4-ilvBNCE-E2-
Crimson showed an overall higher, final fluorescence
signal in comparison to colonies of AaceE/pJC4-
ilvBNCE-E2-Crimson. Interestingly, the time until the
strains exhibited maximal fluorescence was about two
to three times higher during cultivation in the
microfluidic system. In addition to average measure-
ments of colony growth and productivity, monolayer
cultivation systems allow investigation of individual
cells within the entire population. As a proof of
principle we measured the fluorescence development
of single cells during the production phase (Figure
3D), which revealed typical Gaussian distribution
regarding single cell fluorescence of the respective
strains. Similarly to results shown in Figure 3C AaceE
Apgo  Apgi/pJC4-ilvBNCE-E2-Crimson  exhibited
higher fluorescence emission in average on single cell
level.

3.4. Correlation of single cell biosensor (eYFP
fluorescence) and plasmid marker (E2-Crimson
fluorescence)

Plasmid instability in production strains represents an
obstacle in particular during large-scale bioprocesses,
where cultures pass a high number of generations. In
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our studies, the insertion of the plasmid marker E2-
Crimson into pJC4-ilvBNCE enabled monitoring of
plasmid content in single cells during cultivation. In
order to assess the correlation of plasmid content and
L-valine production in basic and high yield production
strains, we analyzed eYFP and E2-Crimson fluores-
cence emission at the single cell level in AaceE/pJC4-
ilvBNCE-E2-Crimson and AaceE Apgo Apgi/pJC4-
ilvBNCE-E2-Crimson cultivated in microfluidic
systems. Figure 4A shows representative colonies of
AaceE/pJC4-ilvBNCE-E2-Crimson and AaceE Apgo
Apgi/pJC4-ilvBNCE-E2-Crimson at the end of the
production phase (~46h) from the same experiment
discussed in section 3.4. Overall, a strong correlation
between eYFP and E2-Crimson signal was observed
for AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson
(r=0.734/-0.09 (n=3)) in contrast to AaceE/pJC4-
ilvBNCE-E2-Crimson (r=0.16+/-0.09 (n=3)) (Figure
4B). By analogy with FACS generated dot plots,
displaying eYFP/E2-Crimson signal ratio, eYFP and
E2-Crimson fluorescence of single cells within the
colonies was evaluated. Remarkably, colonies of the
respective strain showed in general the same
eYFP/E2-Crimson distribution. Only a minor amount
of cells (<1 %) displayed a high E2-Crimson, but low
eYFP signal (Figure 4A, B). Dead cells (low signal for
eYFP and E2-Crimson) were rarely detected.
However, their occurrence strongly depended on the
chosen colony and time point during cultivation (see
section 3.5). Generally, cells of AaceE Apgo
Apgi/pJC4-ilvBNCE-E2-Crimson exhibited significant
higher E2-Crimson fluorescence compared to cells of
AaceE/  pJC4-ilvBNCE-E2-Crimson.  This  is
exemplary shown for one colony of AaceE/pJC4-
ilvBNCE-E2-Crimson and AaceE Apgo Apgi/pJC4-
ilvBNCE-E2-Crimson in Figure 4C. Channeling the
carbon flux through pentose phosphate pathway by
deletion of pgi significantly enhances intracellular
NADPH concentrations in AaceE Apgo Apgi/pJC4-
ilvBNCE-E2-Crimson compared to AaceE/pJC4-
ilvBNCE-E2-Crimson (sevenfold increase) (Bartek et
al., 2010). Thus, the high energy level available in
AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson might
result in an increased protein synthesis, which is the
most energy-consuming process in bacterial cells. In
turn, this would result in an increased E2-Crimson
production which could explain the higher
fluorescence signal and the strong correlation between
E2-Crimson and eYFP signal observed for AaceE
Apgo Apgi/pJC4-ilvBNCE-E2-Crimson.
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Figure 3. Single cell growth and production studies of C. glutamicum AaceE/pJC4-ilvBNCE-E2-Crimson and AaceE Apqo Apgi/pJC4-
ilvBNCE-E2-Crimson with chromosomally integrated Lrp-sensor in microfluidic PLBR at environmental defined conditions. (A)
Illustration of the microfluidic picoliter bioreactor (PLBR) system. The system consists of several arrays of monolayer picoliter sized
cultivation chambers. High magnification time-lapse microscopy can capture several microcolonies in parallel during single cell cultivation.
(B) Fluorescence emission of three entire microcolonies (average eYFP signal per colony area) of AaceE/pJC4-ilvBNCE-E2-Crimson
(triangles) and AaceE Apqo Apgi/pJC4-ilvBNCE-E2-Crimson (diamonds) over time. For evaluation, every 2.5h the fluorescence was
measured. (C) Growth (t;-t;) and production phase (t3-ts) of isogenic microcolonies of AaceE/pJC4-ilvBNCE-E2-Crimson (upper row) and
AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson (lower row). (D) Histograms illustrating fluorescence signal distribution within a
representative microcolony of AaceE/pJC4-ilvBNCE-E2-Crimson (left) and AaceE Apgo Apgi/p]C4-ilvBNCE-E2-Crimson (right). EYFP
signal of single cells was measured at distinct times, t=19 h (red), t=26 h (green), t=34 h (purple), and t=46 h (blue). Average fluorescence
values at these times are indicated above the respective peaks. All cultivations were performed in microfluidic chambers shown in (A) in
CGXII minimal medium containing 154 mM acetate, 222 mM glucose during growth phase or 222 mM glucose and 25 pmol IPTG during
the production phase, respectively.
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Figure 4. Correlation of chromosomally integrated Lrp-sensor (¢eYFP) and plasmid marker (E2-Crimson) in AaceE/pJC4-ilvBNCE-
E2-Crimson and AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson. (A) Overlay plot of phase-contrast, eYFP and E2-Crimson signal of
isogenic AaceE/pJC4-ilvBNCE-E2-Crimson (upper panel) and AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson (lower panel) microcolony at
the end (~46h) of the single cell cultivation shown in Figure 3C. For better comparability, the same LUT were chosen for both colonies. (B)
Dot plots displaying eYFP and E2-Crimson signal of single cells of three isogenic microcolonies (triangles, circles, and diamonds) of
AaceE/p]C4-ilvBNCE-E2-Crimson (left) and AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson (right). (C) EYFP (green) and E2-Crimson (red)
fluorescence signal distribution of a microcolony of AaceE/pJC4-ilvBNCE-E2-Crimson (left) and AaceE Apgo Apgi/pJC4-ilvBNCE-E2-
Crimson (right) 27.5 hours after entrance into the production phase (see Figure 3C). All cultivations were performed as described in the

legend of Figure 3.
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3.5. How dead is dead?

Strikingly, flow cytometry and microscopy revealed
the presence of a non-viable, i.e. PI fluorescing, cell
fraction (~10%) during the production phase of cells
cultivated in lab-scale bioreactors. Although to a
minor extent (<1%), we observed the occurrence of
non-fluorescent cells also in well-controlled small
scale cultivations performed in the microfluidic
system. In contrast to FACS, live cell imaging studies
offer the advantage to investigate this phenomenon in
a time-resolved manner and to discriminate between
different types of non-fluorescent cells: e.g. lysed dead
cells or dormant forms which resume growth after a
while.

Under conditions described in section 3.3, we usually
observed colonies showing a typical Gaussian
distribution of eYFP; occasionally colonies with an
increased number of non-fluorescing cells were found
(<1% of cells) (Figure 5). We tracked different cells in
several colonies, clustered the "dark" cells and found
four different types of non-producing cells (Figure 5).
The majority of cells, which undergo transition from
growth to production, will not be discussed here. The
first type of non-producing cells initiated L-valine
production, but showed at a later time sudden cell
lysis (Figure 51, II). These cells were rarely seen at
environmental constant conditions, but have been
more frequently observed, when colony growth
exceeded chamber size leading to densely packed
colonies, thus, eventually causing unfavorable
gradients within the chambers (data not shown). A
second fraction of cells showed progressively
decreasing fluorescence signal over time, potentially
caused by a permeabilized or compromised membrane
(Figure 5V). Both such types most likely represent
dead cells and none of those were found to resume
growth and production later in our experiment.
Further, we observed cells, which neither initiated L-
valine production nor showed growth after medium
change. These cells might either represent cells, which
already died or lysed in the growth phase or cells in a
kind of dormant state (Figure SIII). The fourth class of
non-producing cells did not enter into the production
phase as well, but continued to grow (Figure 5V),
although no carbon source for growth, i.e. acetate, was
provided in the medium. In this context, the question
arises whether the cells might have adapted growth
utilizing glucose as carbon source.

Microcolony of AaceE Apqo Apgi

15 min

10:45 h

9:45h

15 min

Y 15 min

Figure 5. How dead is dead - Different types of non-fluorescent
cells during the production phase. The image at the top shows a
microcolony of AaceE Apqo Apgi/pJC4-ilvBNCE-E2-Crimson
(Lrp-sensor chromosomally integrated) with a considerably high
number of non or low eYFP fluorescing cells. (I+II) Lysing (IIT)
and dormant cells, which does not switch from growth to
production. (IV") Cells showing a slow growth, but no production.
(V) Leaky cells that show progressively decreasing fluorescence
signal over time, potentially caused by a permeabilized cell
membrane. Images marked with an asterisk show cells of another
microcolony of AaceE Apgo Apgi/pJC4-ilvBNCE-E2-Crimson, not
shown here. Cultivation was performed as described in the legend
of Figure 3, but without addition of IPTG.



3.6. Bistability in L-valine

production strains

C. glutamicum

Homogenous environmental conditions as given in the
microfluidic setup are fictional and far away from
fluctuations in bioreactor processes at larger scale. To
simulate environmental heterogeneities, in particular
those triggering transition of L-valine production
strains from growth to production phase, we
performed cultivation with constant, but non-defined
(several carbon sources) conditions by adding
complex medium compounds (BHI). Starting from a
single cell growth of an isogenic microcolony of
AaceE/pJC4-ilvBNCE-E2-Crimson in
medium with 154 mM acetate, 222 mM glucose and
0.5% BHI in the microfluidic cultivation system was
followed. To trigger L-valine production, the primary
carbon source utilized for growth, acetate, was

minimal

removed and cells were supplied with 222 mM
glucose and additionally 0.5% BHI. Although most of
the cells followed the switch from growth to
production, surprisingly in approximately 50% of the
recorded colonies one single cell continued growing
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after medium switch (Figure 6A). Figure 6 shows
exemplary two cells originating from the same mother
cell where one cell (marked in green) divided for the
last time and initiated L-valine production directly
after the medium switch, while the sister cell (marked
in blue) continued cell growth. In the following, some
of the descendants of the blue cell also switched to L-
valine production (marked in orange and purple) or
continued growth throughout the course of the
experiment (marked in cyan). This experiment
illustrates that under these conditions looking at the
average fluorescent emission of the entire
microcolony masks the significant variation at the
single cell level (Figure 6C). This bistability in the
decision of switching from growth to production was
observed for all L-valine producing strains under
study when the cells were grown in the presence of
low amounts of BHI. In contrast, a continuous,
homogenous switching behavior was observed when
only glucose was present in the production medium
illustrating the strong impact of slight changes in
medium composition on the phenotypic structure of a
particular population.
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Figure 6. Bistability of AaceE/pJC4-ilvBNCE-E2-Crimson with chromosomally integrated Lrp-sensor upon switch from growth to
production phase. (A) Growth and production phase (initiated after 340 min) of an isogenic microcolony under carbon-source limiting
conditions, (B) and lineage tree of the respective microcolony highlighting several single cell traces. EYFP fluorescence was quantified in
single cells after 860 min. The length of the boxes indicates the length of the cells at the time of fluorescence measurement. (C) Single cell
traces of fluorescence output of marked cells (B) and average emission of the whole colony (black, dashed line, SD=grey shading).
Cultivation was performed in CGXII minimal medium containing 154 mM acetate, 222 mM glucose and 0.5% BHI during growth phase or

222 mM glucose and 0.5% BHI during production phase, respectively.
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4. Discussion

Quantifying and understanding the origin and impact
of cell-to-cell heterogeneity in microbial bioprocesses
remains one major challenge for future bioprocess
optimization (Miiller ef al., 2010; Lencastre Fernandes
et al., 2011). First investigations of the basic L-valine
production strain AaceE indicated cell-to-cell
variations in respect to L-valine production in isogenic
microcolonies (Mustafi et al, 2012). Nevertheless,
studies aiming for detailed single cell analysis of
population dynamics in C. glutamicum based
bioprocesses have not been described yet.
Technological limitations and a lack of convenient
tools for accurate single cell analysis prevented
systematic studies until now. In this work, we present
the recently described Lrp-sensor, capable of detecting
cytosolic accumulation of amino acids, as a powerful
tool for monitoring and single cell analysis of
biotechnological production processes.

Proof of principle experiments assessing the
performance of the biosensor in gradually engineered
L-valine production strains, revealed significant
differences in fluorescence output of basic producers
AaceE/pJC4-ilvBNCE-E2-Crimson and AaceE Apgo/
pJC4-ilvBNCE-E2-Crimson and high yield producers
AaceE Apgo Apgi/p]JC4-ilvBNCE-E2-Crimson and
AaceE Apgo Apgi Apyc/pJC4-ilvBNCE-E2-Crimson.
This was in agreement with different levels of final L-
valine production, as it was shown by HPLC
measurements of L-valine concentrations in the
supernatant of the respective strains (Blombach et al.,
2008). Thus, the biosensor proved as convenient tool
for online monitoring of metabolite production, what
makes it highly suitable for screening of different
cultivation conditions in order to optimize production
processes. Further, the biosensor can be implemented
in screening procedures aiming for the isolation of
amino acid producing strains (Mustafi et al., 2012;
Binder et al., 2012). However, online measurements
of fluorescence during cultivation in microtiter plates
provide information on productivity of the whole
population, but mask variation at the single cell level.
Here, multiparameter flow cytometry was applied to
access population dynamics of C. glutamicum L-
valine producers during fed-batch cultivation in a
bioreactor. PI measurements displayed a progressive
loss of cellular membrane integrity during the
production phase, resulting in a non-viable
subpopulation of up to 10% of the entire culture. PI
positive cells showed no eYFP signal, which might be
caused by leakage of intracellular eYFP protein. This
strong inverse correlation between PI and eYFP

indicates that already the signal of the Lrp-biosensor
provides sufficient insights into the metabolic activity
and viability of the population and that additional
staining procedures (here PI) are basically not
required. Similar correlations were recently also
described for studies based on a GFP-sensor enabling
the detection of carbon-limited conditions in E. coli as
well as for a reporter system in yeast, where
expression of gfp was set under control of a ribosomal
protein promoter (Delvigne et al., 2011; Carlquist et
al., 2012).

In order to investigate population dynamics of the
C. glutamicum production strains in a time-resolved
manner, live cell imaging studies were performed
during defined and well-controlled cultivation
conditions in microfluidic devices (Griinberger et al.,
2012). Strikingly, we observed a fraction of "dark",
non-fluorescing cells during the cultivation of the four
different strains. Tracking of these cells by time-lapse
microscopy, revealed different types of non-producing
cells besides the productive main population. Sudden
and progressive cell lysis and cells in a kind of
dormant state were observed. Further, some cells
showed no switch from growth to production phase,
although no carbon source for growth was provided in
the medium. Two potential reasons explaining this
phenomenon can be considered. First cells might
utilize low concentrated, but by flow continuously
supplied carbon sources. This might be carbon
impurities in the minimal medium or carbon-
containing substances such as protocatechuic acid or
MOPS. Alternatively, cellular metabolism might have
been adapted to overflow of glucose; bypassing
deletion of Elp subunit of the PDH complex (aceE)
and pyruvate:menaquinone oxidoreductase (pgo) and
providing acetyl-CoA as precursor for TCA-cycle.
Studies of Litsanov et al. described that despite
deletions of the genes for the known acetate-forming
pathways in C. glutamicum, residual acetate formation
in strains engineered for aerobic succinate production
was still observed (Litsanov et al., 2012).

Our studies revealed, depending on the medium
composition, the emergence of non-productive, but
growing subpopulations. These might overgrow the
entire culture in the course of time and thus, might
have a tremendous, negative impact on production
process, since resources are depleted for biomass
formation instead of being converted to the final
product. We mimicked in microfluidic cultivations the
actual short time of transition from growth to
production phase in fermentation processes, where
cells are confronted with depleting acetate



concentrations, the primary carbon source used for
growth, by supplying cells with low concentrations of
non-defined alternative carbon sources (e.g. BHI).
Overall, these studies revealed bistability regarding
initiation of L-valine production within the different
production strains. Besides the expected switch from
growth to production, cells showed either unhampered
growth and cell division, or a time-delayed switch to
L-valine production. This demonstrates that despite
targeted, genetic manipulation on cells to work as
efficient, uniform microbial factory, phenotypic
variation might lead to the occurrence of drastic
differences in cellular productivity even under well-
controlled cultivation conditions. In fact, further
growth of particular cells might be based on different
energetic states of the cells or a higher abundance of
transporter proteins, enabling a more efficient uptake
of residual carbon sources.

However, in contrast to bioreactor experiments the
majority of the population transitioned from growth
into the production phase during cultivation in the
PLBR. Here cells of AaceE/pJC4-ilvBNCE-E2-
Crimson displayed a low eYFP signal already during
the growth phase, which could be explained by
increased glucose uptake of this strain resulting in
basal levels of L-valine
fluorescence output. This is well supported by the

production, i.e. low
observed twofold higher glucose consumption of
AaceE/pJC4-ilvBNCE-E2-Crimson during growth in
bioreactor experiments, which has also been described
by Blombach et al. (Blombach et al, 2008).
Interestingly the strains required significantly more
time (two- to threefold) to reach the maximal
fluorescence during cultivation in the microfluidic
system compared to batch cultivation in microtiter
plate. This can be explained in two ways: first,
microfluidic is a perfusion system, removing all
secreted L-valine, which prevents an accumulation in
the supernatant and in turn, a feasible uptake by the
cells. This could lead to a longer time until constant
internal ~ L-valine  concentrations are reached.
Furthermore, in the microfluidic system cells are
continuously  supplied with growth medium.
Necessary nutrients that might not be available for
production processes in batch fermentation could be
available in the microfluidic system, leading to a
prolonged and/or higher productivity of L-valine. In
fact, C. glutamicum wild type cells showed a 50%
higher growth rate during cultivation in PLBRs
compared to cultivation in shake flasks.

The development of a predominant population,
exhibiting high E2-Crimson, but no eYFP
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fluorescence signal, as it was the case during large-
scale fermentation was not observed during cultivation
in the microfluidic system. However, when expression
of e2-crimson was strongly increased by the addition
of IPTG, cells showed neither growth nor L-valine
production, instead a high E2-Crimson signal during
cultivation in the microfluidic system (data not
shown). Referring to the results obtained by the
bioreactor experiment, we postulate that the
predominant E2-Crimson positive population during
large-scale fermentation represented cells with
reduced metabolic activity. Several studies described
that expression of fluorescence proteins can provide a
significant burden on cells, affecting particularly
bacterial functions which demand high energy costs
(Rang et al., 2003; Knodler et al., 2005; Flores et al.,
2004). Yet, we observed no influence of eYFP-
expression or Lrp-biosensor production on metabolism
of C. glutamicum. In contrast to eyfp, which was
chromosomally integrated with one copy per cell,
plasmid-bound e2-crimson (~10 copies per cell) was
expressed in high levels in the cells. Chromosomal
integration of gfp was reported to overcome adverse
impact of plasmid-encoded gfp expression on invasion
of Salmonella enterica (Clark et al., 2009). Further,
red fluorescent chromophores compared to eYFP
require an additional equivalent of molecular oxygen
for maturation (Gross et al., 2000). Thus, too high
induction levels of e2-crimson expression might have
placed a substantial burden on energetically stressed
cells during L-valine production, resulting in the
development of a predominant subpopulation of non-
producing cells in the bioreactor experiment.
However, we observed no negative influence of e2-
crimson expression on cellular physiology, when
induced in lower amounts during cultivation in the
microfluidic system or BioLector. Initially, we
introduced this second marker protein (E2-Crimson)
in our studies, to assess correlation in single cells
between L-valine production and overexpression of L-
valine biosynthesis genes (ilvBNCE), ie. eYFP
fluorescence emission of the Lrp-sensor and E2-
Crimson fluorescence of the plasmid marker.
However, this has to be critically examined when
studies under physiological conditions are aimed,
since our results indicate that a second marker can
provide significant metabolic burden for the cells,
which might significantly impact the phenotypic
pattern of the population. This aspect has to be
addressed in future studies.

We presented the amino acid sensing Lrp-sensor as
valuable, non-invasive tool to access information of
C. glutamicum populations in regard to productivity
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and physiology of single cells during production
processes. This biosensor-based approach represents a
first step towards a better understanding of population
dynamics in production processes of C. glutamicum.
Future studies will aim to unravel the underlying
molecular mechanisms of the observed phenotypic
variation, benchmarking this approach for analysis and
improvement of strains and biotechnological
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Abstract

Genetically-encoded single cell biosensors have long been used for the detection of
pollutants and stress stimuli in the field of microengineering and bioremediation. In
industrial microbiology their potential for the detection of various small molecules at single
cell resolution and their implementation in strain development and high-throughput (HT)
screenings has rarely been exploited so far. However, several recent studies revealed
suchlike sensor systems, which transform the production of inconspicuous small molecules
into an optical readout (e.g. fluorescence), as a powerful tool for single cell quantification of
metabolites. Recently, two studies reported on the construction of transcription factor-based
biosensors for the intracellular detection of amino acid production in Corynebacterium
Qlutamicum. These biosensors were successfully applied for real-time monitoring of
metabolite production and were implemented in first HT screenings for the isolation of
amino acid producing mutants of C. glutamicum. In this chapter we will introduce the general
design and characterization of biosensor performance features focusing on sensors based on
regulatory circuits. Furthermore, an overview of all currently available C.glutamicum
biosensors is provided, including several sensors for the detection of amino acids and stress
stimuli in single cells. Finally, we introduce the emerging field of applications for metabolite
biosensors including flow cytometry-based HT screening approaches and live cell imaging of
metabolite production using microfluidic lab-on-a-chip devices. First results, outlined in this
chapter, already highlight the great potential of biosensor-driven strain development and
single cell analysis and promise the revolution of traditional approaches towards a "bright"
future of industrial microbiology.
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1. Introduction-Biosensors

Corynebacterium glutamicum, isolated in 1957 due to its capability to secrete L-glutamate,
represents nowadays one of the most important platform organisms in industrial
biotechnology (Eggeling & Sahm, 1999; Eggeling & Bott, 2005; Burkovski, 2008; Wendisch,
2007; Kinoshita et al., 1957). During the last decades, metabolic engineering of C. glutamicum
revealed the great potential of this species not only for amino acid production, but also for
the production of organic acids, polymer precursors and biofuels (Becker & Wittmann, 2012;
Blombach & Eikmanns, 2011; Wieschalka et al., 2012). Traditional ways of strain development
include random mutagenesis followed by diverse strategies for selection and screening for
the desired traits, or rational approaches involving the targeted alteration of specific genetic
elements (Bailey, 1991). The key issue of almost all these approaches is the detection and
quantification of the particular metabolite of interest. A readily accessible phenotype, linked
to product formation, significantly impacts success and throughput of the respective
procedure (Dietrich et al., 2010). This is, however, given only for a minor fraction of small
molecules such as, for instance, some antibiotics or carotenoids (Albrecht et al., 2000; An et
al., 1991; Azuma et al., 1992). In these cases product formation can be directly observed by the
production of a chromophore. The majority of biotechnologically-relevant metabolites are,
however, inconspicuous small molecules, which are classically assayed by low-throughput
bulk techniques such as liquid or gas chromatography or NMR providing average data for
the microbial population. Measurement of metabolite production at single cell resolution is
still hardly feasible (Kalisky & Quake, 2011; Leslie, 2011; Miiller et al., 2010; Heinemann &
Zenobi, 2011).

In this context, the application of biosensors converting metabolite production into an
optical readout has the potential to revolutionize the status quo of strain development and
analysis in the field of biotechnology. During the last ten to twenty years a variety of
biosensors based on cellular regulatory elements has been developed, allowing high
temporal and spatial resolution of metabolites at the single cell level. Various classifications
of biosensors are described and resumed in several excellent reviews (Dietrich et al., 2010;
Michener et al., 2012; van der Meer & Belkin, 2010; Zhang & Keasling, 2011). In the following,
we would like to highlight especially four different categories of biosensors designs and
architecture, namely whole-cell biosensors, biosensors including single enzymes or multistep
enzymatic pathways, FRET-based sensors and sensors based on genetic regulatory circuits.

Natural or engineered auxotrophic strains for specific molecules represent whole-cell
biosensors providing an easy accessible phenotype: cellular growth (Figure 1A) (Burkholder,
1951; Payne et al., 1977). Several studies addressed this idea and developed whole-cell
biosensors by introducing constitutively expressed reporter genes (e.g. gfp) into auxotrophic
bacterial strains (Chalova et al., 2007; Bertels et al., 2012; Erickson et al., 2000; Kim et al., 2010).
This approach enables a direct correlation of reporter output (e.g. fluorescence) to the
concentration of the molecule of interest in the environment of the sensor strain. The second
class of biosensors is based on in vivo single- or multistep enzymatic pathways which
transform the presence of a colorless molecule of interest into a detectable optical readout of
the cell (Figure 1B). In most cases, this is linked to the synthesis of natural chromophores as
end or intermediate product of the enzymatic pathway (Bernhardt et al., 2007; de la Pena
Mattozzi et al., 2006; Santos & Stephanopoulos, 2007). Here, in contrast to other biosensor
constructs, no classical reporter markers (such as fluorescence proteins) are required to
access a phenotype for small molecule detection. Despite the successful application of the
described biosensors in various studies, several drawbacks remain unsolved. One major
bottleneck is the limited versatility of these biosensor constructs. In fact, a rather small
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fraction of biological, biotechnological, or medical interesting molecules is essential for
cellular growth, represents natural chromophores or can be linked to the synthesis of ones.

A broad spectrum of metabolites is detected in vivo by an extensive repertoire of
natural sensor devices (e.g. riboswitches, RNA-aptamers, transcription factors, enzymes, or
periplasmic-binding proteins). Molecular constructs which make use of these biological
molecules, linked to the optical readout of fluorescence proteins, represent versatile tools for
small molecule detection. One approach to exploit the molecular recognition specificity of
several protein classes is the development of FRET-based metabolite sensors. The modular
architecture of FRET-sensors consists of an acceptor and a donor domain linked to a pair of
fluorescent proteins differing in their emission and excitation wavelengths. Binding of a
molecule to the acceptor or sensor domain conducts a conformational change which brings
the chromophores of the fluorescence proteins into close proximity and enables Forster
(fluorescence) resonance energy transfer (FRET) from the donor chromophore to the acceptor
chromophore (Figure 1C). Thus, effector binding can be detected and measured as change in
the ratio of the emitted fluorescence intensities. Nowadays, a large diversity of FRET-based
sensors is available for imaging of intrinsic and extrinsic conditions, such as pH, redox
potential, ATP:ADP ratio, several sugars and metabolites, various ions, kinase activities and
many more (Frommer et al., 2009). However, a major drawback of FRET-based sensors is
their inherent high sensitivity towards ionic strength and pH, which can significantly
influence affinity parameters and fluorescence response of the sensor (Okumoto et al., 2012).

Finally, genetic regulatory circuits have been extensively exploited for the
construction of biosensors especially in the field of microengineering and bioremediation
(van der Meer, 2010; van der Meer & Belkin, 2010). Classically, the construction of these
sensors is based on i) a sensor protein, e.g. a transcription factor, ii) a molecular switch which
occurs upon ligand binding and results in transcriptional activation of the cognate regulatory
DNA element of the transcription factor, and iii) production of a reporter protein (e.g. GFP)
as sensor readout (Figure 1D) (van der Meer & Belkin, 2010). This type of biosensors has a
long tradition in microbial sensing systems for the detection of environmental pollutants
(Belkin, 2003; van der Meer & Belkin, 2010; Harms et al., 2006). For example, a biosensor for
toluene-based environmental contaminants was developed by putting the luc gene for firefly
luciferase under the control of the transcriptional activator XyIR. In field tests, the sensor was
shown to accurately detect the pollutants on deep aquifer water and soil samples with a
sensitivity of about 40 pM (Willardson et al., 1998). Despite the versatile applications in the
field of chemical compounds and toxicity detection, only a few studies describe the use of
transcription factor based biosensors to report on production of industrially important
metabolites.

Two recent studies presented the construction of transcription factor-based
biosensors for monitoring of amino acid production in C. glutamicum (Binder et al., 2012;
Mustafi et al., 2012). These studies represent the first examples of the use of genetically-
encoded biosensors for this important platform organism and indicate the high potential of
this novel approach for strain development, HT screening and single cell analysis. In the
following chapter, we provide an overview of the recently developed C. glutamicum sensor
systems and briefly sketch current efforts on single cell analysis including live cell imaging
and flow cytometry-based approaches.
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Figure 1. Categories of biosensors design. (A) Cellular growth of auxotrophic whole-cell biosensors
reports on the bio-availability of the target molecule. (B) In biosensors based on single- or multistep
enzyme pathways detection of the target molecule and reporter output is provided through enzymatic
activities. (C) In FRET-based sensors binding of the target molecule conducts conformational changes
of the sensor domain which enables a fluorescence readout by energy transfer from the donor to the
acceptor chromophore. (D) In sensors based on genetic regulatory circuits the target molecule is
detected by a sensor molecule (RNA, DNA or protein) which in turn induces expression of its target
gene fused to a reporter gene (adapted from Dietrich et al., 2010).

2. Design of Biosensors Based on Regulatory Circuits

Biosensors based on regulatory circuits essentially consist of a target promoter responsive to
a specific stimulus of interest fused to a promoterless reporter protein, which turns the
particular response into a measurable output. The input signal can either be recognized by a
single sensor protein or RNA or the promoter underlies control from a complex signal
transduction network acting as an integral part of the particular cellular response. The latter
principle has been successfully applied e.g. for the construction of stress-responsive
bioreporters (see section 4.2.) (van der Meer & Belkin, 2010).

2.1. Signal integration

In this section, we want to highlight particularly the use of transcription factors as versatile
molecular devices to report on small molecule production in C. glutamicum. In fact nature
provides a variety of appropriate sensor devices in form of transcription factors. Typically,
transcriptional regulators undergo a conformational change upon binding of their effector
molecules which in turn results in an altered binding affinity of the regulator for its target
DNA sequence. Depending on the biosensors final application, the affinity of the sensor
element towards its effector molecule is of major importance for assay design. In some cases,
however, specificity and/or ligand affinity are not directly suitable for biosensor
construction. Here, synthetic biology approaches can be applied to generate variants with
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altered specificity or transfer parameters (section 5.1.2.). This has been, for example,
demonstrated by the work of Galvao et al. who were able to select mutated variants of the
transcriptional regulator XyIR, sensing toluene in its native form, that are responsive to 2,4-
dinitrotoluene (DNT) for the detection of explosives (Galvao et al., 2007). Even sensors with
completely new effector specificities can be engineered as proven by the example of AraC,
which was switched from a L-arabinose-induced regulator into a mevalonate-responsive
protein (Tang & Cirino, 2011). Thus, the multitude of naturally available sensor devices in
combination with current achievements in synthetic biology offers a broad, but almost
unexploited spectrum of opportunities for biosensor construction.

In order to decrease the rate of false-positives, a positive readout is desirable for the
implementation of biosensors in FACS-(fluorescence-activated cell sorting) screenings. This
can be easily achieved by setting the expression of the reporter protein under the control of a
transcriptional activator. However, the response of a repressor protein can also be easily
converted into a positive readout via the design of a coupled sensor. Here, the insertion of a
strong, non-native repressor and its tightly regulated promoter can be used to invert the
signal polarity. A striking example was reported by Ohlendorf et al. who inverted the native
light-repressed gene expression of the photoreceptor system YF1/FixK by the insertion of the
A phage repressor cl and promoter pR in front of the respective target gene fixK (Ohlendorf et
al., 2012).

2.2. Promoter fusion

A detailed knowledge of promoter architecture, transcription factor binding sites and
translation start is an important prerequisite for successful sensor design. In general the level
of reporter gene expression and thus, reporter output can strongly be influenced by
transcription and translation initiation rates. Therefore, choosing an adequate type of fusion
between target promoter and reporter gene is a further crucial aspect. In general two types of
reporter gene fusions can be distinguished: In transcriptional fusions, a promoterless
reporter gene is fused to the target promoter of the transcription factor. An effective
ribosome binding (native or artificial) site is included in the construct (Figure 2A). Thus,
reporter output ideally reflects the transcriptional regulation of the target gene. In a
translational fusion, the promoterless reporter gene is fused in frame to the target gene (first
5-10 codons or even whole open reading frame (orf) and its upstream genomic region (Figure
2B). This design principle is especially of relevance when dealing with the high frequency of
leaderless transcripts (approx. 30%) which are present in C. glutamicum (Patek, 2005). In these
cases, the mRNA completely lacks the binding region of the 16rRNA of the ribosomes, the so
called Shine-Dalgarno sequence, which is normally located 5-13 base pairs upstream of the
initiation codon in the untranslated mRNA sequence. In leaderless transcripts, as it is the
case for example for the mRNA of brnF and lysE in C. glutamicum, the transcriptional start
point is either identical with the first nucleotide of the start codon or is located in close
proximity (1-3 bases). Regions downstream of the initiation codon were assumed to interact
with the 16rRNA of the ribosomes (Moll et al., 2002; Giliberti et al., 2012; Patek, 2005). For this
reason, the biosensor constructs of pSenLys and the Lrp-sensor, two recently described
C. glutamicum sensors (see section 4.1.1. and 4.1.2.), were designed including the upstream
promoter region, the first few codons of the respective orf (lysE and brnF, respectively) and a
linker sequence introducing a ribosome binding side in front of the reporter gene eyfp (Figure
2C) (Binder et al., 2012; Mustafi et al., 2012).

2.3. Choice of reporter protein

Finally, the construction of a biosensor demands an appropriate reporter protein, that
provides an easy measureable signal output and is, ideally, compatible with single cell
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analysis (van der Meer & Belkin, 2010). In order to prevent a high background signal, a non-
toxic reporter protein should be chosen which is not naturally occurring in the host cell, and
which is not interfering with cellular reactions. Several reviews outline the variety of
available reporter proteins, their applications and characteristics, their advantages and
disadvantages (Hakkila et al., 2002; Daunert et al., 2000; Ghim et al., 2010; Shaner et al., 2005).
Classical reporter systems which have been used in numerous promoter studies in
C. glutamicum are, for example [-galactosidase (Cho et al, 2012) and chloramphenicol
acetyltransferase (Vasicova et al., 1999). In recent years, autofluorescent proteins proved in
practice as appropriate reporters for monitoring gene expression patterns in C. glutamicum.
Among others, this has successfully been shown for GFP, CFP, and eYFP in studies of
protein localization and interaction with DNA (Donovan et al., 2010; Burmann et al., 2012;
Frunzke et al., 2008), protein secretion (Teramoto et al., 2011), and for eYFP and E2-Crimson
in biosensors reporting on amino acid production (Binder et al., 2012; Mustafi et al., 2012;
Strack et al., 2009). Recently, Hentschel et al. described the construction of unstable variants
of eYFP and GFP., by using SsrA-mediated peptide tagging (Hentschel et al., 2012; Keiler,
2008; Andersen et al., 1998). In comparison to the extremely long half-life of native
fluorescent proteins (GFP>24 h), the two presented eYFP-variants revealed protein half-lives
of 22 and 8 min, respectively. First applications in transient gene expression analysis showed
the general suitability of the destabilized eYFP variants for dynamic measurements in
C. glutamicum.

A drawback of GFP-derived fluorescent reporter proteins is their dependency on
molecular oxygen for chromophore maturation as well as time-consuming protein folding.
Recently, flavin mononucleotide (FMN)-binding fluorescent proteins (FbFPs) were described
as alternative option allowing quantitative real-time in vivo assays (Drepper et al., 2007;
Drepper et al., 2010). These novel class of reporter proteins exhibits cyan-green fluorescence
and does not depend on oxygen for chromophore formation. First proof of principle studies
revealed their general suitability for in vivo studies in C. glutamicum (Nanda and Frunzke,
unpublished).

Figure 2. Architecture of reporter gene
A ATG STOP constructs. (A) Transcriptional fusion of
Promoter  RBS -ﬂ,/ reporter gene and target promoter. (B)
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/ — Translational fusion of reporter (black) and
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of hybrid fusion proteins. (C) Transcriptional
@ fusion design used for the construction of

pSenLys and the Lrp-Sensor, which are based
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3. Characterization of Biosensor Performance Parameters

The final application of biosensors for process monitoring or in screening studies requires a
detailed understanding and characterization of the sensor performance features. In simple
terms, this is represented by an accurate description of the relationship between the effector
molecule input and reporter output (e.g. fluorescence). This mathematical relationship,
termed as transfer function, provides information on the biosensors sensitivity, the dynamic
and linear range of detection as well as the detection threshold (Figure 3). The sensitivity of
a biosensor is described by the rate of increase in reporter output, which is depicted by the
slope of the transfer curve within the linear range of detection (see below). The dynamic
range of a sensor is defined by the maximum fold change of the reporter output resulting
from a given sensory input. Furthermore, every sensor construct exhibits a detection
window where signal input and sensor output display a linear correlation, the so-called
linear detection range (Bintu et al., 2005a; Bintu et al., 2005b; Dietrich et al., 2010; Wall et al.,
2004; Tabor et al. 2009).

A detailed knowledge of the respective biosensor performance parameters is an
important prerequisite for assay design since they illustrate the conditions under which the
biosensor performs robust and reproducible measurements. In general, biosensor output can
be classified as a digital on/off type behavior or an analog-like response. The digital sensor
type is characterized by a low detection threshold, a small-linear induction window, a large
dynamic range and a high sensitivity. This tight control of response is typical for genetic
circuits involved in antibiotic or quorum sensing (Dietrich et al., 2010). One of the most
widely used sensors, TetR, represents in its native form a good example for digital response
behavior. Lutz and Bujard engineered the already strong target promoter of the TetR
repressor by adding further operator sides upstream of the native promoter version. This
resulted in a tightly regulated promoter of TetR, showing no expression of target genes when
the effector molecule anhydrotetracycline is absent and exhibits an up to ~5000-fold dynamic
range (Lutz & Bujard, 1997). In contrast, a low affinity for the effector molecule is often
characteristic for an analog-like response showing a sigmoidal function as response to
sensory input. Low levels of the effector molecule cause effectively no changes in reporter
output signal. Increasing concentrations near the Kp of the sensor-element are responded by
a linear increasing output. Through further increasing effector concentrations the sensor is
saturated and a constant level of the output signal is reached (Tabor ef al. 2009). A linear
correlation between input and output signal allows discrimination of cells or populations
differing in their input concentrations. This performance feature makes analog type
biosensors more suitable for applications in screening studies for directed evolution of
product yields for example.

Figure 3. Biosensors transfer curve. The
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4. Biosensors in C. glutamicum

The use of biosensors for process monitoring or strain development in C. glutamicum is still
in its infancy. In 2012, two publications reporting on construction and application of
C. glutamicum amino acid biosensors, highlighted the potential of this novel approach for
single cell studies and implementation in HT screenings.

4.1. Biosensors for the detection of amino acids

Amino acids represent the most important product class produced at large-scale with
C. glutamicum and the global market is constantly growing. In the last decades strain
development and analysis followed traditional ways in terms of screening, selection and
rational engineering. Amino acids are themselves inconspicuous small molecules. Together,
these features makes them ideal targets for biosensor design in order to convert product
formation into an easily accessible phenotype, which interfaces with FACS HT screenings
and allows single cell analysis of populations. Recently, two studies described the
development and application of novel single cell biosensors for the detection of several
industrially important amino acids, such as L-lysine, L-serine, and L-methionine in
C. glutamicum (Table 1) (Mustafi et al., 2012; Binder et al., 2012; Burkovski, 2008; Eggeling &
Bott, 2005; lkeda, 2003). The biosensors exploit the exquisite sensitivity of C. glutamicum
transcriptional regulators as natural sensor devices responding to elevated intracellular
concentrations of the respective effector amino acids (Lange et al., 2012; Bellmann et al., 2001).

4.1.1. Basic amino acids

The export of amino acids is usually tightly regulated in order to avoid both wasting of
metabolic energy and inhibitory effects of intracellular high amino acid concentrations. The
recently described pSenLys biosensor uses the natural specificity and affinity of the
C. glutamicum transcriptional regulator LysG to report on the production of the basic amino
acids, L-lysine, L-histidine, L-arginine and L-citrulline. LysG was shown in previous studies
to activate the expression of the IysE operon in the presence of increasing levels of the
respective effector amino acids (Vrljic et al., 1996). The transporter encoded by this operon,
LysE, represents the first amino acid exporter described in literature and was shown to
facilitate the specific export of L-lysine and L-arginine (Bellmann et al., 2001). The key
features of the LysG-LysE module make it highly suitable for biosensor design ensuring
intrinsic molecular recognition specificity combined with appropriate substrate affinity in
the low to medium mM range. In general, the sensor module of pSenLys consists of the
genomic region encoding the regulator [ysG, the intergenic region of lysG and lysE including
the regulator binding site, and the first 23 codons of lysE fused to eyfp (for details on sensor
design see section 2.2. and Figure 2C). By this means, eYFP production reflects the
transcriptional control of IysE via LysG. First proof of principle experiments revealed the
general capability of the system to monitor the intracellular accumulation of the basic amino
acids L-lysine, L-arginine and L-histidine. For the characterization of pSenLys C. glutamicum
WT, which does not produce or excrete L-lysine in remarkable concentrations, as well as a
set of defined mutant strains varying in their L-lysine productivity (DM1920, DM1919,
DM1730, DM1800, and DM1728) were transformed with the plasmid-encoded sensor
(Ohnishi et al., 2002). In contrast to the wild type cells, which showed no discernable
fluorescence, L-lysine production strains exhibited a significant increase in eYFP fluorescence
emission, which correlated with increased extracellular L-lysine concentrations of the
respective strains. Remarkably, strain DM1920, which produces comparable amounts of L-
lysine to DM1919, displayed a comparatively lower fluorescence signal. In contrast to the
other strains, DM1920 harbors two copies of the L-lysine exporter lysE, and thus accumulates
lower cytosolic L-lysine concentrations due to an increased export. This observation
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demonstrates the adjustment of the reporter output due to varying effector input
concentrations. The use of production strains differing in their cytosolic L-lysine
concentration revealed a dynamic range of pSenLys of about threefold for this particular
effector amino acid.

4.1.2. L-methionine and branched-chain amino acids

Lrp represents a further, well-characterized amino acid-sensing transcriptional regulator in
C. glutamicum, which is therefore also well suitable as sensor device for the design of
biosensors (Lange et al., 2012). In response to increasing cytoplasmic concentrations of L-
methionine or the branched-chain amino acids, L-leucine, L-isoleucine and L-valine, Lrp
activates the expression of the brnFE operon, encoding the proton motive force-driven
secondary transport system BrnFE involved in export of the respective amino acids (Figure
4A) (Kennerknecht et al., 2002; Trotschel et al., 2005; Lange et al., 2012). For the development
of a sensor based on the native Lrp-BrnFE module of C. glutamicum, a sensor cassette
including Irp, the intergenic region of Irp and brnF, and the first 10 codons of brnF fused to
eyfp, was constructed (see Figure 2C).

As outlined in section 3, biosensor assay design requires a detailed characterization of
the relationship between effector input and reporter output. For the characterization of the
Lrp-sensor transfer parameters defined intracellular amino acid concentrations were
adjusted using the previously well described dipeptide feeding strategy for C. glutamicum
(Vrljic et al., 1996). The addition of dipeptides (e.g. Ala-Met) to the growth medium results in
the uptake and subsequent hydrolysis of the dipeptides by cytoplasmic hydrolases and, thus,
increases the intracellular concentration of the respective amino acids. To deviate the transfer
parameters, the intracellular amino acid concentrations were measured by silicon oil
centrifugation and HPLC for all four effector amino acids (Met, Ile, Leu and Val) and set into
relation with the maximal reporter output (eYFP fluorescence) (Mustafi et al., 2012). The
biosensor revealed highest sensitivity for L-methionine followed by L-leucine, L-isoleucine
and L-valine (Figur 4B). No signal was observed for any other amino acid tested. Due to the
restrictions in the kinetic properties, the system did not reach saturation. Thus, the presented
values reveal only the biosensors minimal dynamic and linear range of detection, which
extends from the detection of less than 1 mM up to 25 mM in the case of L-methionine and
displays a 78-fold dynamic range for this effector amino acid (Mustafi et al., 2012). In fact, the
observed analog-like response of the Lrp biosensor makes it highly suitable for the
biosensor-driven optimization of product yields.

To assess the performance of the Lrp-sensor for online monitoring of amino acid
formation in production strains, the sensor was tested in the L-valine producer C. glutamicum
AaceE, lacking the E1 enzyme of the pyruvate dehydrogenase complex (Blombach et al.,
2007). For this purpose cultivations were performed in 48-well microtiter Flowerplates in the
BioLector cultivation system (m2p-labs GmbH, Aachen, Germany), enabling the online
measurement of growth as backscattered light and fluorescence. Cells transformed with the
sensor plasmid displayed fluorescence emission as soon as L-valine production started after
consumption of the primary carbon-source acetate (Mustafi et al., 2012). Thus, the biosensor
can be applied as convenient device to visualize the course of amino acid production in real-
time using e.g. microcultivation systems, such as the BioLector or microfluidic chip devices
(see below).

4.1.3. L-Serine and O-acetyl-L-serine

Besides pSenLys, Binder et al. reported on the construction and first proof of principle
experiments of further metabolite sensors in C. glutamicum (pSenOAS and pSenSer) suitable
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for the detection of O-acetyl-L-serine and L-serine, respectively (Table 1) (Binder et al., 2012).
The pSenOAS sensor exploits the sensitivity of the dual regulator CysR, a member of the
ROK family, towards O-acetyl-L-serine (OAS) and O-acetyl-L-homoserine (OAH). Among
several other genes involved in the pathway for assimilatory sulfate reduction in
C. glutamicum, CysR activates transcription of cysl, encoding sulfite reductase, in response to
OAS and OAH (Riickert et al., 2008).

The pSenSer sensor is based on the so far not characterized regulatory protein of the
LysR superfamily NCgl0581 (cg0702) and its target gene, encoding NCgl0580 (cg0701) a
carrier protein with about 40% homology to RhtA (YDbiF, b0813), which has been
characterized as exporter of L-threonine and L-homoserine in E. coli (Livshits et al., 2003;
Marin & Kramer, 2007).

4.2. Stress response

Cellular stress responses have long been exploited for the design of bacterial bioreporters
used in assays exploring the toxicity or mutagenicity of specific chemicals or to monitor
environmental contamination (van der Meer & Belkin, 2010). Many of these systems are
directly or indirectly based on the bacterial SOS response, the cellular response to DNA
damage conserved throughout all bacterial phyla (Storz & Hengge, 2011; Friedberg et al.,
2005). Here, the recombination and repair protein RecA functions as a direct sensor for
single-stranded DNA, which occurs as a result of DNA damage, and activates
autoproteolysis of the central repressor protein LexA. Proteolysis of LexA relieves repression
of the SOS regulon, which typically comprises several genes and operons involved in DNA
repair, error-prone polymerases, and cell division inhibitor proteins. For the construction of
bacterial stress reporters, promoter fusions of prominent SOS genes, such as recA itself, umuC
or sulA, and an appropriate reporter protein (e.g. lacZ or gfp) have been used in several
studies. A similar approach has also been applied to assay for spontaneous DNA breakage in
E. coli, which frequently occurs during DNA replication and is an important cause of
genomic rearrangements (Pennington & Rosenberg, 2007).

In recent studies of our lab, aiming at the investigation of single cell dynamics of the
SOS response, we analyzed C. glutamicum populations containing a plasmid-based or
genomically integrated reporter gene fusion of P4 and further SOS target promoters to
genes encoding autofluorescent proteins. Flow cytometry analyses and fluorescence
microscopy revealed that a fraction of 0.1-0.3% of analyzed single cells exhibited an up to 40-
fold higher induction of the SOS response than the main population (Nanda and Frunzke,
unpublished). The rate of this spontaneous SOS induction was shown to depend on the
growth medium and the particular growth phase of the population. Induced cells exhibited a
significantly decreased survival rate (40-60%) when sorted onto agar plates by FACS.
Overall, this approach represents a convenient tool to assay for stress response induction and
can be applied to optimize cultivation conditions in bioprocesses.
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Figure 4. Lrp-biosensor for amino acid detection. (A) A sensor cell with wild type levels of the
effector amino acids exhibits background levels of eYFP fluorescence (upper panel). Increased
intracellular concentrations of the respective amino acids are sensed by the transcriptional regulator
Lrp, which in turn induces eyfp expression from the promoter Py..r resulting in fluorescence emission
of the sensor cell (lower panel). (B) Characterization of the specificity and affinity of the Lrp-biosensor.
The transfer curve displays the relationship between intracellular concentration of the effector amino
acids L-methionine (m), L-leucine (A), L-isoleucine (), and L-valine (¢) and specific fluorescence
output. The fluorescence microscopy images show C. glutamicum sensor cells with increasing internal
concentrations of L-methionine (1-20 mM) (adapted from Mustafi et al., 2012).

Table 1: Overview of C. glutamicum biosensors.

. Dynamic Linear
Sensor Sensor  Type of T Promoter S.e nsw range range of
. argets -reporter tivity . Reference
name protein  regulator fusion (Neor) (fold detection
PP increase) (mM)
Lrp-Sensor Lrp Lrp-type  L-Met*, L-lle  Pymreyfp 2.6 >78 >0.2-235  Mustafi et
L-Val, L-Leu al., 2012
pSenLys LysG LysR- L-Lys* L- Pyse-eyfp  1.62 2.6 7.2-12.0 Binder et
type His, L-Arg al., 2012
pSenSer NCgl LysR- L-Ser Pncgiosso-  n.d. n.d. n.d. Binder ef
0581 type eyfp al., 2012
pSenOAS  CysR ROK- O-acetyl-L- Pysreyfp  n.d. n.d. n.d. Binder ef
type serine al., 2012
50S RecA-  LexA Single- Preca-e2-  n.d n.d. n.d. Nanda &
sensor LexA repressor  stranded crimson Frunzke,
DNA unpub-
lished

* Performance features given in the table refer to the effector amino acid marked with an asterisk.
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5. Application of Biosensors in Screening and Single Cell Analysis

In section 4 several genetically-encoded C. glutamicum biosensors, which have been
developed in recent years, were described. Current efforts aim at the application and
evaluation of this type of sensors in strain analysis and development of C. glutamicum. The
central feature, namely the detection of a particular stimulus of interest (metabolite
production, stress response, efc.) in single bacterial cells and the conversion thereof into an
optical readout opens the way for several new applications, such as:

- Implementation in FACS HT screenings for the isolation of metabolite producing
bacteria
- Biosensor-driven enzyme evolution/engineering
- Analysis of the complex phenotypic structure of microbial populations at single cell
resolution
- Live cell imaging of metabolite production - the study of single cell dynamics in real-
time
The following section summarizes the outcome of first biosensor applications in library
screening and single cell analysis of C. glutamicum.

5.1. Implementation of biosensors in FACS-based HT screenings

Often the last but crucial step in directed evolution is screening and selection (Dietrich et al.,
2010). The success thereof clearly depends on the accessibility of the particular phenotype of
interest. However, the majority of biotechnological-relevant molecules and products do not
per se exhibit a conspicuous phenotype interfacing with HT screening methods. In traditional
approaches, gas and liquid chromatography as well as NMR techniques have been
ubiquitously applied for small molecule detection and quantification. These techniques are,
however, tremendously limited in throughput. Genetically-encoded biosensors can
significantly improve screening throughput by converting an inconspicuous phenotype into
a screenable output, e.g. fluorescence, enabling implementation in FACS HT screenings.

5.1.1. FACS HT screenings based on pSenLys and the Lrp-sensor

The C. glutamicum biosensors pSenLys and the Lrp-sensor have both already been
applied in first screening approaches aiming at the isolation of amino acid producing
mutants (Binder et al.,, 2012; Mustafi et al., 2012). Due to the activity of the respective
biosensors, cells with enhanced cytosolic levels of the effector amino acid could easily be
distinguished from cells with wild type level. Experiments testing sensor-based sorting
efficiency of the FACS system, revealed a >90% correct sorting efficiency and a survival rate
of about 96 and 84% in case of the Lrp-sensor and the pSenLys sensor, respectively. These
features allowed the implementation of the sensor systems in FACS HT screenings for amino
acid producing cells. Figure 5 provides a schematic overview of the different steps of the
biosensor-based HT screen carried out with pSenLys and the Lrp-sensor.

For the generation of genetic diversity, C. glutamicum ATCC 13032 carrying a sensor
plasmid (either pSenLys or the Lrp-sensor) was mutagenized by treatment with the chemical
mutagen MNNG (N-methyl-N’-nitro-N-nitrosoguanidine). Subsequently, the obtained
libraries were screened via FACS for cells showing a significantly increased fluorescent signal
(Figure 5). For pSenLys, the authors introduced an intermediate cultivation step and a
second marker protein for screening (E2-crimson) to increase the percentage of viable clones;
for details see Binder et al. (Binder et al., 2012). As both sensors report exclusively on cytosolic
accumulation of the respective amino acids, information with respect to the excretion thereof
is not provided. Therefore, a second screen was introduced to measure amino acid
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accumulation in the supernatant. This step is crucial in order to discriminate "false positive"
clones, which only internally accumulate high concentrations of the amino acids (e.g. defects
in export), from clones excreting significant amounts of the effector amino acids. Finally,
either selected target genes or the whole genome of selected mutants were sequenced to
identify novel and unexpected targets for strain development. In the following the results of
these first screening attempts are summarized.

The screening approach using pSenLys started with chemically mutagenized
C. glutamicum wild type and resulted in the isolation of 69% positive mutants (185 of 270
clones analyzed via HPLC) accumulating L-lysine in the supernatant after 48 h cultivation in
CGXII minimal medium. Re-cultivation of 120 positively tested clones showed L-lysine
concentrations ranging from 0.2 to 37 mM. Sequence analysis of selected genes revealed
several mutations in lysC, of which some were already known to prevent feedback inhibition
of aspartate kinase activity. Besides, four new mutations in the regulatory subunit of the
aspartate kinase, seven novel mutations in the hom gene, encoding the homoserine
dehydrogenase and four new mutations in genes coding for L-threonine synthesis, thrB and
thrC, were identified. Whole genome sequencing of selected mutants revealed a novel target
gene of particular interest, namely murE, encoding UDP-N-acetylmuramyl-tripeptide
synthetase. This enzyme utilizes the direct precursor of L-lysine D, L-diaminopimelate as
substrate and channels it towards cell wall synthesis. Genomic replacement of the murE
mutation in defined producer strains resulted in a significant increase of L-lysine production,
i.e. up to 27% in the best producer DM 1933.

The first screening approach using the Lrp-sensor was also started from randomly
mutagenized C. glutamicum wild type cells. This first attempt resulted in the isolation of 21%
(40 of 192 clones) positive clones that produced branched-chain amino acids. Among these
the top five mutants produced up to 8 mM L-valine, up to 2 mM of L-leucine and up to 1
mM L-isoleucine after 48 h cultivation in CGXII minimal medium. The conditions chosen for
this initial screening obviously favored the isolation of branched-chain amino acid producing
mutants. None of the mutants accumulated significant amounts of L-methionine, which is
surely a challenging target as it demands sulfur incorporation and precursors from CI-
metabolism requiring high energy cost (7 mol ATP and 8 mol NADPH) which makes it the
most expensive amino acid for the cell (Neidhardt et al., 1990). As L-methionine is currently
of major interest for biotechnological strain development, following experiments aimed at
the adaptation of the screen towards the isolation of L-methionine producing mutants. First
studies revealed that the outcome of biosensor-based screenings depends on several aspects,
including (i) cultivation conditions, (ii) the background strain used for mutagenesis, and (iii)
the gating strategy of FACS (Mustafi & Frunzke, unpublished). For this reason mutant
libraries based on C. glutamicum AmcbR, lacking the master regulator McbR of L-methionine
and L-cysteine biosynthesis in C. glutamicum were screened in following studies (Rey et al.,
2003). Due to the tight regulation on biosynthesis genes, mediated by McbR, removing
transcriptional repression is suggested to be an important prerequisite for the isolation of L-
methionine producing mutants. Overall, this screen resulted in 49% (47 of 96 clones) positive
clones producing significant amounts of L-methionine (at least twofold more than the
parental strain C. glutamicum AmcbR. Among these the top three mutants produced up to 8
mM L-methionine after 48 h cultivation in minimal medium (Mustafi & Frunzke,
unpublished).

5.1.2. Further screening applications of single cell biosensors

Further applications of the sensor system to optimize production strains include adaptive
laboratory evolution approaches. In the last decades laboratory evolution has proven to be a
suitable tool e.g. to adapt microorganisms to different environmental conditions as well as to
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make them utilize non-native substrates (Portnoy et al., 2011). In this context, the
fluorescence readout of sensor cells provides an accessible phenotypic trait which can
impose a selective pressure in e.g. FACS-based screenings. In suchlike experiments clones
with increased productivity compared to the ancestor strain should predominate after
several rounds of FACS sorting and re-cultivation.

As mentioned above, the described sensor systems enable the intracellular
measurement of amino acid concentrations in C. glutamicum cells. This feature can also be of
benefit in a screening set up for the identification of novel transport systems. For instance in
the case of L-methionine the existence of a second low affinity transport system besides
BrnFE has been postulated by Kramer and coworkers in 2005, but it has not been identified
to date (Trotschel et al., 2005). Using the sensor system, mutant strains with defects in the
export of the particular effector amino acid (e.g. mutation of LysE or BrnFE) will accumulate
significantly increased internal amounts of the respective amino acids leading to a high
fluorescence readout of the sensor. Indeed, detailed characterization of L-lysine producing
mutants (n=40) using an expectation maximization algorithm revealed one cluster of
mutants exhibiting extreme high fluorescence, but comparatively low L-lysine accumulation
(Binder et al., 2012). Targeted isolation of such mutants in screenings might be a promising
approach for the identification of novel transport systems for the effector amino acids of the
applied sensor.

For production of a specific metabolite of interest, researchers often rely on the
performance of heterologously expressed pathways or enzymes. Directed evolution
approaches have been used to optimize enzyme activity and specificity of a variety of
different enzymes. Most assays are, however, carried out in vitro and cannot be adapted for
enzyme evolution using whole cells (Arnold & Georgiou, 2003). As metabolite biosensors
allow specific detection of small molecules, suchlike sensor systems can also be applied for in
vivo enzyme evolution. The workflow for such an approach comprises the construction of an
enzyme library using e.g. error-prone PCR, transformation of sensor cells with the resulting
library, and finally FACS screening and validation of obtained variants. A striking example
was recently reported by Michener et al. who developed a RNA aptamer-based sensor
system to screen for improved enzyme activities of caffeine demethylase (Michener &
Smolke, 2012). In contrast to conventional direct evolution techniques, this approach allows
high throughput analysis of mutant enzyme libraries, where enzyme activity is assayed in
vivo.

5.2. Biosensor-based single cell analysis

Nowadays, there is increasing evidence that apparent clonal microbial populations display
substantial variation in phenotypic traits. This common occurrence of multimodal
heterogeneity can originate, for example, from microenvironmental variations, differences in
cell age or cell cycle, epigenetic variation or simply stochastic effects in gene expression
(Elowitz, 2002; Lidstrom & Konopka, 2010). However, the aspect of population heterogeneity
has hardly been studied in industrial productions strains, although inefficient
subpopulations within a production culture might have a significant negative impact on the
whole bioprocess (Miiller et al., 2010). To understand the actual impact of individual cells on
population average and heterogeneity the development of novel techniques is required,
which enable quantification and real-time monitoring of metabolites at the single cell level
(Schmid et al., 2010; Amantonico et al., 2010; Heinemann & Zenobi, 2011; Miiller & Hiller,
2012). In this context, the implementation of biosensors capable of detecting molecules with
single cell resolution in studies based on flow cytometry, lab-on-a-chip devices, and time-
lapse microscopy provides a powerful tool to analyze metabolic productivity differences in
individual cells.
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Figure 5. Schematic illustration of flow cytometry and biosensor-based high-throughput screening.
(1) Generation of genetic diversity by chemical mutagenesis. (2) Screening of mutant library and
isolation of single mutant cells via FACS. (3) Sorting of single cells on plates, (4) cultivation in
microtiter plates and (5) quantification of external amino acids via uHPLC. (6) Genome sequencing for
target identification (adapted from Mustafi et al., 2012).

5.2.1. Flow cytometry

In recent years, more and more attention was drawn to the use of flow cytometry as a
convenient HT-compatible method allowing the measurement of multiple parameters in a
single microbial cell (Tracy et al., 2010; Miiller & Nebe-von-Caron, 2010). Parameters which
can be assessed by flow cytometry include the cellular scattering properties (indicative for
cell size and cellular complexity) as well as every phenotype which can be directly or
indirectly linked to a fluorescent output (Miiller & Nebe-von-Caron, 2010). For C. glutamicum
single cell analysis and screening approaches based on flow cytometry have, however, been
only used in a few recent studies including the biosensor-based HT screenings performed
with pSenLys and the Lrp-sensor (Mustafi et al., 2012; Binder et al., 2012). Recently,
Neumeyer et al. reported on the use of multiparameter flow cytometry to assess different
phenotypic parameters of C. glutamicum, such as cell size, cell granularity, DNA content,
membrane potential and integrity (Neumeyer et al., 2013). Fluorescent dyes and staining
procedures were evaluated regarding their suitability to monitor multiple parameters in
C. glutamicum populations. Application of these procedures revealed, in fact, phenotypic
heterogeneity in terms of viability, membrane potential and growth activity of C. glutamicum
grown on standard minimal or complex media.

Current efforts aim at the establishment of downstream approaches for the analysis of
subpopulations to not only monitor, but, more importantly, understand the molecular basis
of the observed phenotypic variation. Miiller and coworkers recently described a workflow
for combining FACS cell sorting with mass spectrometry based proteomic analysis of
subpopulations (Jehmlich et al., 2010; Miller & Hiller, 2012). Current advances in mass



89 |

spectrometry and sequencing technologies bring the analysis of small subpopulations or
even single cells into reach. Furthermore, a variety of fluorescent dyes and staining protocols
is available to assess multiple parameters at single cell resolution. The implementation of
metabolite sensing biosensors into this framework will represent a further important step
towards a systems level analysis of microbial populations in bioprocesses.

5.2.2. Microscopy and live cell imaging

In contrast to the snapshot analysis provided by flow cytometry, live cell imaging
approaches offer the advantage of long term cell observation and analysis during
homogenous and well controllable cultivation in microscale environments (Schmid et al.,
2010; Szita et al., 2010; Gulati et al., 2009; Locke & Elowitz, 2009). Recently, Griinberger et al.
reported on the fabrication and implementation of a microfluidic picoliter bioreactor
allowing parallel studies of multiple microcolonies growing in a monolayer (Figure 6 A,B)
(Grunberger et al.,, 2012). First studies investigating growth of C.glutamicum in these
microfluidic devices revealed a 50% higher growth rate of the wild type strain compared to
cultivation in shake flasks. Optimal growth conditions, such as continuous medium flow
ensuring optimal supply with nutrients and oxygen as well as the removal of secreted by-
products, offer an explanation for the observed increase in growth rate of C. glutamicum
(Dusny et al., 2012; Griinberger et al., 2013).

This experimental setup was used in first live cell imaging studies to monitor L-valine
production of C. glutamicum AaceE in real-time (Figure 6C). Therefore, the respective strain
was transformed with the Lrp-sensor to study growth and amino acid production at single
cell resolution. Live cell imaging of microcolonies (30-40 cells) grown from one single
ancestor cell in the abovementioned picoliter bioreactor revealed variations in doubling time,
cell size and, most interestingly, single cell fluorescence, suggesting significant cell-to-cell
variation with respect to L-valine production (Mustafi et al., 2012). The observed phenotypic
heterogeneity within isogenic microcolonies would have hardly been detected in typical
shake flask experiments as here L-valine accumulates in the supernatant and thus influences
internal L-valine levels. Overall this experimental setup in combination with a genetically-
encoded sensor system provided a first glimpse into phenotypic heterogeneity of a
C. glutamicum strain in terms of growth and metabolite production. Further studies are,
however, required to benchmark the use of biosensors for real-time monitoring of metabolite
production and to study the influence of sensor expression on the physiology of the
particular cell or population.
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Figure 6. Biosensor-based analysis of production strains in lab-on-a-chip devices. (A) Images
showing the fabricated microfluidic chip devices (at the top), zooming into one growth array (in the
middle). Scanning electron microscopy image (at the bottom) and (B) schematic illustration of a single
picoliter bioreactor. (C) Microscopic image of an isogenic C. glutamicum AaceE microcolony containing
the biosensor and the respective lineage tree, illustrating variation in doubling time, cell size and
fluorescence at the single-cell level (adapted from Griinberger et al., 2012 and Mustafi et al., 2012).
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6. Future Perspectives and Concluding Remarks

In the last few years the development of biosensors as well as their implementation in HT
screenings and single cell analysis, is a rapidly emerging field of research in industrial
biotechnology. However, the great potential of biosensors based on regulatory circuits
(transcription factors or RNA aptamers) for the detection and quantification of industrial-
relevant metabolites has not been exploited so far. First studies reporting on the design of
C. glutamicum biosensors for the intracellular detection of amino acids already highlighted
the impact this novel approach might have on future attempts regarding strain development
and bioprocess monitoring. First biosensor-based FACS HT screenings resulted in the
isolation of numerous mutant strains producing the respective amino acid of interest.
Furthermore, current advances in the development of novel microfluidic devices for live cell
imaging allow high resolution insights into phenotypic heterogeneity within clonal
populations. However, also several critical issues need to be addressed in future studies:
What are the limitations of the system? To which extent impacts the production of
fluorescent reporter proteins the physiological state and, thus, the phenotype of the
respective cell? Is this approach limited to a few selected success stories or can we believe the
promises of synthetic biology that a specific and sensitive sensor system can be developed
and adapted for almost every small molecule of interest? Time will tell.
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4 Discussion

Nowadays, C. glutamicum due to its high capacity for amino acid production represents one
of the most important platform organisms in industrial biotechnology. Amino acids are
inconspicuous small molecules, thus, screening for their production demands on appropriate
selection strategies. In the present work, the sensitivity of the transcriptional regulator Lrp of
C. glutamicum was exploited for the development of a genetically-encoded single cell
biosensor capable of converting amino acid formation into an easily accessible phenotype, i.e.
fluorescence readout. Lrp activates the expression of the brnFE operon encoding the exporter
for branched-chain amino acids and L-methionine, in response to increasing cytoplasmic
concentrations of L-methionine or the branched-chain amino acids, L-leucine, L-isoleucine
and L-valine (Kennerknecht et al., 2002; Trotschel et al., 2005; Lange et al., 2012). The
biosensors specificity towards the effector amino acids and its sensitivity in the low to
medium mM range allows to distinguish easily between cells with wild type-levels from cells
with enhanced cytosolic levels of L-methionine and branched-chain amino acids. These
features present the Lrp-biosensor as valuable tool for implementation in novel screening

approaches for amino acid producing strains.

4.1. Implementation of the Lrp-biosensor in FACS-based HT screenings

Nowadays, a major drawback in strain development is the typically low-throughput of
analytical techniques applied for product detection and quantification, e.g. chromatography
and mass spectrometry methods. Screening strategies based on flow cytometry allow for high-
throughput (HT) single cell analysis of large populations (up to 80.000 cells per second) and
thus, can notably improve screening efficiency since no individual cultivation step for each
clone is required and interesting clones can directly be identified and isolated (Dietrich ef al.,
2010; Brehm-Stecher & Johnson, 2004). However, this demands on an easily accessible
phenotype while the majority of biotechnological interesting metabolites are represented by
small, inconspicuous molecules. Genetically-encoded single cell biosensors offer the
advantage to transform information about a specific metabolite into a fluorescence readout
which interfaces with FACS-(fluorescence-activated cell sorting) based high-throughput (HT)

screenings.

In this work, we implemented the Lrp-biosensor in FACS-based screening approaches for the

isolation of amino acid producing strains. In first screenings, mutant libraries of chemically
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mutagenized C. glutamicum wild type cells carrying the Lrp-sensor were screened via FACS
for cells showing a significantly increased fluorescent signal. In a subsequent screen, amino
acid concentrations were determined in the supernatant of positively screened mutants via
uHPLC to discriminate "false positive" clones, which accumulated exclusively internal high
concentrations of the effector amino acids (e.g. defects in export). Finally, selected genes of
interesting mutants were sequenced to identify novel and unexpected targets for strain

development.

The first screening approach using the Lrp-sensor resulted in the isolation of 20% positive
clones that produced branched-chain amino acids. Application of a gating strategy based on
fluorescence properties of the mutant library revealed a clear pattern: populations exhibiting
higher fluorescence showed a comparatively higher number of positive clones excreting the
effector amino acids in higher concentration levels. Overall, the top five mutants produced up
to 8 mM L-valine, up to 2 mM of L-leucine and up to 1 mM L-isoleucine after 48 h
cultivation in CGXII minimal medium. Since biosynthesis of the branched-chain amino acids
is closely linked and shares the same enzymes in C. glutamicum (Patek, 2007), namely
acetohydroxyacid synthase (i/vBN), acetohydroxyacid isomeroreductase (i/vC), dihydroxyacid
dehydratase (ilvD), and transaminase B (i/vE), the respective genes were sequenced in the top
five mutants revealing mutations in ilvD (ilvD%**P) and ilvN (ilvN>*''). To analyze the actual
impact of these mutations on synthesis of branched-chain amino acids, re-introduction into the
wild type chromosome is required. We further analyzed pyruvate dehydrogenase complex
(PDHC) activity, which is crucial for the production of L-valine in C. glutamicum (Blombach
et al., 2007). Two of the top five mutants showed a decreased PDHC activity, however,
sequencing of aceE, encoding the Epl subunit of PDHC, revealed wild type situation in all of
the top five mutants. Yet, reduced PDHC activity might be caused by an impaired supply of
the cofactors thiamine pyrophosphate, lipoic acid, FAD, CoA, NAD™ and Mg*" or mutations
in genes encoding regulatory proteins (Blombach et al., 2009; Schreiner et al., 2005; Reed,
1974; Yeaman, 1989).

For chemical mutagenesis, we used the alkylating agent MNNG, which has often been used as
the mutagen of choice in previous studies, as it is described to offer the highest possible
frequency of mutants per survivor (Baltz, 1986). However, chemical mutagenesis based on
alkylating agents or base analogs induces mainly point mutations with favored single-base

substitutions, for example, MNNG induces preferentially GC— AT transitions and, to a minor

extent, AT — GC transitions, as shown for several organisms including C. glutamicum
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(Ohnishi et al., 2008; Wang et al., 1996; Gee et al., 1994). In order to expand the spectrum of
mutations, alternatives as transposon-based mutagenesis or physical mutagenesis, e.g. UV-
rays, X- or y-rays can be applied. The commonly used UV-light mutagenesis mainly induces
pyrimidine diamerization resulting in AT—GC transition. lonizing radiation based on X- or y-
rays often causes deletions and genomic rearrangements due to occurring breaks of the DNA
strand (Parekh et al., 2000). Complete gene inactivation can also be induced using
transposon-based mutagenesis. Moreover, random integration of transposable and insertion
(IS) elements in the genome can result in altered gene expression. While chemically or UV-
based mutagenesis mainly causes amino acid substitutions which can result in altered activity
of interesting enzymes for biosynthesis of target metabolites, e.g. reduction of feedback
resistance, inactivation of entire genes can reveal unknown obstacles in metabolic pathways.
Thus, extension of mutant libraries by the abovementioned techniques would be a promising
approach to cover a wide range of potential modifications in biosensor-based screenings

aiming for the isolation of amino acid producing mutants.

Transposon-mutant libraries of C. glutamicum have been successfully screened to identify
amino acid transporters in previous studies. However, isolation of the respective mutants
relied on time-consuming screening strategies, where growth analysis was performed of every
single mutant in presence of dipeptides containing the interesting amino acid (Kennerknecht
et al., 2002; Simic et al., 2001). Implementation of the biosensor in a FACS-based screening
set up for the identification of novel transport systems would significantly increase throughput
of such an approach. Inactivation of the respective export systems by integration of a
transposon will cause internal accumulation of the effector amino acid, which can be
displayed by enhanced fluorescence emission of the biosensor. For instance, the Lrp-sensor
can be used to screen for the second low affinity transport system of L-methionine in
C. glutamicum which has been postulated in studies in the group of R. Krdmer during their

work on BrnFE (Trétschel et al., 2005).

Due to the biosensors wide versatility (Figure 4), further interesting applications include e.g.
adaptive laboratory evolution approaches. Laboratory evolution has proven to be a straight
forward approach for strain development as it allows microorganisms to adapt to different
environmental conditions or to make them utilize non-native substrates (Portnoy et al., 2011).
The implementation of a biosensor reporting on single cell productivity via fluorescence
emission in such an approach can exert a selective pressure on the cells in e.g. FACS-based

screenings. Iterative cultivation and screening of the cells should finally yield clones with
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increased productivity compared to the ancestor strain. In contrast to rational engineering or
random mutagenesis, this approach allows for the occurrence of non-intuitive and
spontaneous mutations without the accumulation of undesired mutations with negative

impact.

Screening of
mutant libraries

In vivo evolution
/\ /\‘
’ ’,

W) (52l

Figure 4. Versatile application of biosensor in live cell imaging studies of metabolite production, screening of
mutant libraries, in vivo evolution approaches and online monitoring of product formation.

Production

Reporter signal

4.2. Towards L-methionine overproduction

The worldwide growing demand for amino acids is forecasted to reach a global market of
USS$11.6 billion by the year 2015 (Global Industry Analysts, 2012). The major market is
represented by the animal feed sector, where the essential amino acids, in particular L-lysine,
L-methionine, L-threonine, and L-tryptophan are provided as feed additives. Current research
activities focus on the establishment of a biotechnological production process for L-
methionine, which in contrast to all other large-scale produced amino acids is still produced
on petrochemical basis. Several studies aiming at fermentation-based production of L-
methionine indicate some progress at lab-scale, nevertheless, the desired success of a L-

methionine overproducing strain was not yet obtained (Kumar & Gomes, 2005).

In this work we applied the Lrp-sensor based FACS HT screening approach to search in

particular for C. glutamicum mutants accumulating L-methionine. The initial screen starting



101 |

from the wild type obviously favored the isolation of branched-chain amino acids producing
mutants, since no L-methionine accumulating mutants were obtained. Thus, we used in
following screenings C. glutamicum strains as parental background, which already harbored
genetic modifications assumed to be beneficial for L-methionine production. The
manipulations included deletions of metP and metQNI encoding the importer systems in order
to prevent reuptake of excreted L-methionine as well as deletion of mchR coding for the
repressor of stringently regulated L-methionine biosynthesis genes (Rey et al., 2003;
Trotschel et al., 2008). In addition, media composition for cultivation of the mutants was
altered by providing alternative sulfur sources to reduce the high NADPH demand of the cells

for reduction of sulfate, normally used as S-source in minimal medium.

On the whole, the screening approach originating from C. glutamicum AmcbR resulted in the
best achievements. In total, about 50% positive clones were obtained, which produced at least
twice as much L-methionine as the parental strain C. glutamicum AmcbR. Among these the
top three mutants produced up to 8 mM L-methionine after 48 h cultivation in minimal
medium. Whole genome sequencing of the best producing mutants (six mutants in total)
revealed several mutations in genes of terminal L-methionine biosynthesis as well as
pathways supplying building blocks, precursors (C;- and sulfur metabolism), and redox power
(pentose phosphate pathway). Additionally, mutations in genes were found coding for the L-
methionine export system BrnFE, as well as for the transcriptional regulators involved in
sulfonate utilization, SsuR, and sulfate reduction, CysR (Koch et al., 2005; Riickert et al.,
2008; Trotschel et al., 2005).

In general, the stringent transcriptional regulation of genes involved in sulfur metabolism
makes overproduction of L-methionine difficult in C. glutamicum. Hence, identified
mutations in two of the three described regulators of sulfur metabolism (SsuR, CysR, McbR)
represent an interesting target for future analysis. Transcription of cysR and ssuR is repressed
by the master regulator McbR. In turn, CysR binding to target genes is regulated by the
availability of O-acetyl-L-serine (OAS) and O-acetyl-L-homoserine (OAH), which represent
acceptor molecules for sulfide. Thus, the CysR-activated pathway for the reduction of sulfate
to sulfide is only initiated, when sulfide can be incorporated via OAS and OAH into L-
cysteine and homocysteine. Mutations in regulatory domains of CysR might alter binding
affinities of this regulator towards its effector molecules or towards the DNA in the promoter
of the target genes. Generally, increased expression of the CysR regulon might result in an

enhanced availability of reduced sulfide, which finally could be incorporated in L-methionine
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biosynthesis (Riickert et al., 2008). In this context, identified mutations in cysH encoding an
adenosine phosphosulfate reductase, involved in reduction of sulfate to sulfite and in fpr2
encoding a potential NADP(+)—ferredoxin reductase, described to be involved in reduction of
sulfite to sulfide, might contribute to enhanced sulfide formation (Riickert & Kalinowski,
2008). Transcriptional activation of the SsuR regulon is inhibited by sulfate and to a minor
extent by adenosine 5'-phosphosulfate, sulfite, and sulfide. Hence, SsuR-dependent sulfonate
uptake and utilization is strictly controlled by the concentrations of inorganic sulfur
compounds in the cell. Again, mutations in the SsuR regulator and identified mutations in
seud and seuC, encoding FMNH2-dependent monooxygenases involved in sulfonate ester
utilization (Koch et al., 2005; Kromer et al., 2008), could impact supply with sulfide, thus,
being beneficial for L-methionine overproduction. No mutations were found in the mcbR gene
or in identified binding sites of McbR target genes. However, promoter regions of the SsuR

and CysR regulon were not analyzed so far.

Interestingly, a mutation in metH coding for the vitamin B,-dependent methionine synthase
was identified. Methylation of L-homocysteine to yield L-methionine is regarded as a limiting
step in C. glutamicum (Kromer et al., 2005). In contrast to all other enzymes of the terminal
pathway of L-methionine biosynthesis (MetX, MetY, MetB, MetC), no feedback inhibition
has been described for MetH as well as for the second methionine synthase MetE (vitamin
Bi,-independent). So far, only transcriptional regulation of metH and metE by McbR is
reported. Thus, mutations in MetH could reduce currently unknown inhibition of this enzyme
and enhance methylation rate of L-homocysteine. Systematic investigation of the described
mutations in future studies, including transcriptome analysis and reintegration into the
parental strain C. glutamicum AmcbR, will show the actual impact of the identified mutations

on L-methionine synthesis.

As mentioned before the major bottleneck for efficient overproduction in C. glutamicum is
represented by the tight repression of L-methionine biosynthesis genes. Therefore, deletion of
mcbR is considered as prerequisite in the development of a L-methionine production strain.
However, detailed metabolome analysis in the C. glutamicum mcbR deletion strain revealed
no increased production of L-methionine, although all intermediates of the L-methionine
pathway showed enhanced concentrations compared to levels in the wild type (Kromer et al.,
2005). Overall, deletion of mchR was shown to severely affect growth and biomass yield of
the particular strain. This might be caused by the derepressed/induced expression of sulfite

reductase (cysl) which is a likely candidate for generating reactive oxygen species, thus,
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inducing oxidative stress in the cell (Kromer et al., 2008). Further, genetic modification of the
mcbR deletion mutant are complicated (C. Riickert, personal communication), thus making
construction of a C. glutamicum AmcbR based L-methionine production strain difficult. In
order to circumvent a mcbR knockout mutant, binding sides within the promoter region of

particular target genes could be modified or deleted.

Besides the exploitation of C. glutamicum for successful overproduction of L-lysine, L-
leucine, L-isoleucine, and L-threonine, E. coli proved as competitive microbial producer for
overproduction of amino acids of the L-aspartate family (Park & Lee, 2010). In the case of L-
methionine production, metabolic pathway investigations based on elementary flux mode
analysis revealed an even higher theoretical, optimal yield of E. coli 0.52 (C-mol) (C-mol)™
compared to C. glutamicum 0.49 (C-mol) (C-mol)" (Krémer et al., 2006). The reasons for the
higher potential productivity of E. coli are assumed to be linked to NADPH generation and
demand. Although C. glutamicum and E. coli require similar amounts of NADPH per mol L-
methionine synthesis (8 mol and 8.5 mol, respectively), the generation of methyl-
tetrahydrofolate, which provides the Cs-methyl group for methylation of L-homocysteine,
demands a twofold reduced NADPH amount in E. coli. Furthermore, E. coli possesses a
membrane-bound transhydrogenase for generation of additional NADPH, which is not present
in C. glutamicum (Kromer et al., 2008). Taken this into account, future work should include
screenings of E. coli mutant libraries for isolation of L-methionine producing mutants. This,
however, demands the development of a suitable biosensor for this organism, since the Lrp-
biosensor was not functional in E. coli. For the design of a suchlike biosensor, native
regulatory devices of E. coli or related Gram-negative species sensitive to L-methionine could
be integrated, such as MdeR, a member of the leucine-responsive regulator protein (Lrp)
family which was shown to activate expression of genes involved in the degradative
metabolism of L-methionine in Pseudomonas putida (Inoue et al., 1997). Alternatively, the
use of E. coli specific promoter sequences and/or ribosome binding sides as well as the
adaption of the codon usage could improve transcription and translation efficiency of the Lrp-
sensor in E. coli, thus, making the biosensor compatible for amino acid detection in this

organism.

Taken as a whole, the presented workflow starting from the generation of mutant libraries of
strains previously engineered for L-methionine production, implementing biosensor-based
FACS HT screening for mutant isolation, and applying whole genome sequencing

technologies on interesting mutants, enabled successful isolation of L-methionine producing
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mutants and rapid access to genetic modifications within weeks. Certainly, obtained
production yields are far away from being competitive to petrochemical-based production.
Nevertheless, further HT screenings of C. glutamicum and E. coli based mutants libraries and
subsequent detailed genomic and transcriptome analysis might bring the breakthrough of L-

methionine overproducing strains in commercial production processes into reach.

4.3. Online monitoring of amino acid production

Online monitoring techniques in bioprocesses offer the advantage to identify bioprocess
problems at the time they occur, thus, providing valuable information for optimization of the
production process. The general performance of the Lrp-biosensor for online monitoring of
amino acid production in biotechnological production strains was assessed by analysis of
gradually engineered C. glutamicum L-valine producers based on deletion of the Elp subunit
of the PDHC (aceE). Blocking the conversion of pyruvate to acetyl-CoA by deletion of the
aceE gene results in acetate-dependent growth of these strains. Thus, L-valine production can
be controlled and decoupled from growth by acetate feed control during biotechnological
processes. This facilitates validation of the biosensor, since production of L-valine in batch
fermentation starts after several hours when acetate is consumed and thus, the correlation of
biosensor output and L-valine production can be assayed. Studies of the L-valine production
strains proved the Lrp-biosensor as convenient tool to report on the initiation of L-valine
production, to monitor amino acid production in the course of time, and to distinguish
between different levels of productivity in high yield and basic production strains. Thus,
biosensor-based investigation of the strains paves the way for revealing bottlenecks in current
production processes and enable screening of cultivation conditions for optimization of

processes in future.

4.4. Biosensor-based live cell imaging

Efficient performance of biotechnological processes demands on highly productive strains
which show less cell-to-cell variation in regard to physiological states and metabolite
production. Nevertheless, traditional strategies for bioprocess optimization often rely on the
measurement and interpretation of average data obscuring cell-to-cell variation and giving no

information about development of inefficient subpopulations. Recent studies of Neumeyer et
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al. using multiparameter flow cytometry revealed phenotypic heterogeneity of C. glutamicum
populations with respect to membrane integrity (viability), membrane potential, and growth
activity (Neumeyer et al., 2013). In this work, we presented first qualitative insights into cell-
to-cell heterogeneity in particular during production processes of C. glutamicum by

application of the amino acid sensing Lrp-sensor.

Population heterogeneity is not exclusively based on biological sources, but can additionally
arise in response to environmental gradients. Thus, potential reasons for cell-to-cell variability
cannot clearly be identified in highly fluctuating cultivation conditions using lab-scale
reactors or shake-flasks. Therefore, we performed investigations of L-valine production
strains in microfluidic systems allowing for cultivation at environmental constant and defined
conditions. As the Lrp-sensor allows the visualization of cytosolic amino acid concentrations
in single cells, we studied in first experiments isogenic microcolonies of low yield L-valine
production strain AaceE (without plasmid-bound overexpression of L-valine biosynthesis
genes ilvBNCE) in microfluidic systems under conditions supporting L-valine production.
Strikingly, these studies revealed cell-to-cell variation of fluorescence emission suggesting
significant variability of L-valine production within the microcolony. Based on this first
glimpse of cell-to-cell heterogeneity in productivity levels in C. glutamicum AaceE, we
analyzed improved L-valine production strains C. glutamicum AaceE/pJC4-ilvBNCE-E2-
Crimson, C. glutamicum AaceE Apqo/pJC4-ilvBNCE-E2-Crimson, C. glutamicum AaceE
Apgo Apgi/pJC4-ilvBNCE-E2-Crimson, and C. glutamicum AaceE Apgo Apgi Apyc/pJC4-
ilvBNCE-E2-Crimson in further studies. Since these strains were step by step engineered
towards efficient L-valine overproduction, we planned to investigate to what extend cell-to-
cell variation regarding metabolite production depends on different factors, such as precursor
availability of pyruvate (aceE, pqo, pyc), NADPH supply (pgi), and overproduction of L-
valine biosynthesis genes (ilvBNCE). However, we could not observe a decreasing cell-to-cell
variability in the gradually engineered strains, indicating that despite pyruvate and NADPH
supply or ilvBNCE overexpression other factors cause the observed variations at the single
cell level. Factors which might influence L-valine production include e.g. cofactor supply of

the involved enzymes, carbon source uptake, or general energy level of the individual cells.

Time-lapse microscopy based on long-term observation of isogenic microcolonies with high
temporal and spatial resolution gave us deep insights into the growth and productivity of
single cells and the ancestry of forming subpopulations. In all analyzed production strains we

observed a fraction of non-fluorescing cells in the production phase. This was in agreement
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with results obtained by FACS measurements of cells during cultivation in the 1L bioreactor.
Single cell tracking revealed besides the presence of dormant cells, neither producing nor
growing in course of time, sudden and progressive cell lysis. Additionally cells were tracked,
which displayed unhampered growth and did not initiate L-valine production at all.
Uncontrolled growth of cells can result in a predominant non-producing population, which
depletes all provided nutrient resources for biomass instead of product formation. Obviously,
this may result in a tremendously reduced production efficiency of the entire biotechnological

processces.

Live cell imaging of cells during cultivation in microfluidic devices which mimicked the short
time of transition from growth to production phase in fermentation processes, showed the
development of a phenotypic bistability within the microcolonies when conditions supporting
L-valine production were triggered by the medium switch. Besides expected initiation of L-
valine production, cells showed either unhampered growth and cell division, or a time-
delayed switch to L-valine production. Factors influencing the transition from growth to
production might be different energetic levels of the cells or a higher capability for uptake of
residual carbon sources due to higher abundance of transporter proteins. Energy states or
glucose uptake rates could be monitored by application of biosensors reporting on e.g. glucose
(Veetil et al., 2010; Takanaga et al., 2008), ATP:ADP ratio (Berg et al., 2009) or NADPH
levels (Siedler, Bringer, and Bott unpublished) of the cell. However, suchlike sensors are
currently not available for C. glutamicum. An alternative to assess glucose uptake is

represented by the use of fluorescent glucose analogues (Yoshioka et al., 1996).

Overall, these studies proved the Lrp-sensor as powerful tool to access valuable information
of single cell productivity and physiology during production processes under physiological
and non-invasive conditions. Biosensor-based studies investigating cell-to-cell variation in
biotechnological production strains allow us to gain a deeper knowledge of the complex
phenotypic structure of microbial populations and thus, represent a new approach for strain
analysis and improvement in future. In-depth investigation, however, demands on the
establishment of omics-based downstream methods to profile subpopulations (Fritzsch et al.,
2012; Wang & Bodovitz, 2010; Miiller & Hiller, 2013). In this context, Miiller and coworkers
described recently a promising advance by combination of FACS cell sorting with mass
spectrometry based proteomic analysis, so-called Cyfomics, enabling detailed physiological

analysis of subpopulations (Jehmlich et al., 2010).
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4.5. Limitations of the sensor system

Studies reported within this work highlight the great potential of single cell biosensors in the
emerging field of single cell analysis in industrial biotechnology. However, future work has to

address critical issues and limitations of suchlike sensor systems.

The high specificity of the biosensor, which is an important prerequisite in screenings for the
desired molecule, represents simultaneously a drawback of the system, since it is limited to
specific metabolites and does not allow quantification of several different metabolites in the
same cell at the same time. Integration of further reporter constructs can widen the spectrum
of detectable metabolites, nevertheless, this reaches its limits when physiology of the
interrogated cell is affected by the use of multicolor fluorescent proteins (Heinemann &

Zenobi, 2011; Tecon & van der Meer, 2006).

Alternatives for single cell measurement of metabolites are represented by analytical
techniques based on e.g. mass spectrometry enabling the detection of a wide range of
metabolites. Meanwhile, modern mass spectrometers allow for detection in the low attomole
range which is the range required for single cell metabolomics, considering the volume of
E. coli to be approximately 1 fL. (Amantonico et al., 2008). Promising approaches aim for
sample preparation on a microfluidic chip with subsequent transfer of the single cell content
to a mass spectrometer or on arraying of single cells on sample plates for MALDI-MS
analysis (Heinemann & Zenobi, 2011; Fritzsch et al, 2012; Amantonico et al., 2010).
However, these techniques are still in the early stage of development, a workflow integrating

all different units is yet not realized.

Despite the detailed characterization of the biosensors performance features describing the
relationship between effector input and reporter output, quantitative analysis providing precise
metabolite concentrations are hardly feasible. This would require an elaborated calibration of
the sensor system for each strain under study and for each technological application, e.g. flow
cytometry, microscopy and microplate reader systems. In any case, photobleaching and
cellular movement would prevent accurate measurements (Heinemann & Zenobi, 2011;

Tecon & van der Meer, 2006).

Another limitation of the system is the use of GFP derivatives as fluorescent reporters. On the
one hand, chromophore maturation depends on molecular oxygen and protein folding is very
time-consuming, on the other hand, the long half-life of GFP-derived fluorescent proteins

(GFP>24 h) hampers dynamic measurements. Alternative options are, for example, the
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recently described flavin mononucleotide (FMN)-binding fluorescent proteins (FbFPs), which
do not demand on oxygen for chromophore formation (Drepper et al., 2007; Drepper et al.,
2010). Meanwhile, GFP variants exhibiting much faster folding kinetics (20 min, superfolder
GFP; 11 min, superfast GFP) without loss in fluorescence intensity are available (Pedelacq et
al., 2006; Fisher & DeLisa, 2008). Recently, destabilized eYFP-variants with protein half-
lives 0f 22 and 8 min for C. glutamicum were reported enabling dynamic studies (Hentschel et
al., 2012). Furthermore, RNA aptamers were described that bind molecules resembling the
fluorophore of GFP, leading to fluorescence emission upon binding. In contrast to the use of

fluorescent proteins, fluorescence is emitted directly after RNA aptamer transcription (Paige

etal.,2011).

The production of a particular biosensor within the cell might have a significant influence on
cellular physiology. During measurements, cells are exposed to light of different wavelengths
and the impact thereof has not been studied so far for C. glutamicum. Especially in live cell
imaging studies, cells are exposed for many times during long time observation (typically in
15 min intervals), thus, an influence on cellular physiology cannot be excluded. Furthermore,
expression of the biosensors reporter gene eyfp encoding the yellow fluorescent protein places
an additional metabolic burden on cells. This burden might also impact the physiological state
and phenotype of cells, making productivity analysis of single cells difficult. An important
step to alleviate the burden of eyfp expression was done by integration of the previously
plasmid-encoded biosensor into the chromosome of C. glutamicum, significantly reducing the
expression level from ten copies of eyfp to one copy per cell. Nevertheless, future studies have

to address this problem and will analyze the actual impact of biosensor production on cellular

physiology.

The difficulties of single cell measurements have nicely been highlighted by Oren and later
also by Bridson and Gould, who applied Heisenberg's uncertainty principle described in the
quantum mechanics to single cell analysis in biology (Bridson & Gould, 2000; Oren, 1998).
In this context, the individual cell is defined as the quantal unit, which is either subject of the
measurement or not. However, the observation or measurement itself influences the result
thereof. Since this excludes an appropriate control experiment, the actual impact of the
measurement itself on the individual cell will never be completely revealed (Brehm-Stecher &

Johnson, 2004). Consequently, some uncertainness will always remain.
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6 Appendix

6.1. Supplemental information (SI) - The development and application of a single-cell

biosensor for the detection of L-methionine and branched-chain amino acids

Experimental procedures

Microfluidic chip fabrication

The microfluidic chip was fabricated using replica molding (Xia and Whitesides, 1998). In
brief, a two-layer mold was fabricated under cleanroom conditions at the Helmholtz
Nanoelectronic Facility (HNF)Jiilich. Two layers of SU-8 photoresist, 1.2 um thick and 8 pm
thick respectively, were spin-coated onto the wafer and structured by lithography techniques.
Using soft-lithographic methods, a disposable transparent poly(dimethylsiloxane) (PDMS)
(Sylgard 184 Silicone Elastomer, Dow Corning Corp., Midland, MI, USA) microfluidic chip
was fabricated. Liquid PDMS was poured over the mold and thermally cured. Uncured PDMS
monomer residue was removed by washing the PDMS slab in pentane, acetone. This was
followed by drying overnight (Lee et al., 2003). Prior to bonding, the chip was thoroughly
rinsed with isopropanol to ensure sterile culture conditions. After drying with nitrogen, the
PDMS surface was activated by oxygen plasma and permanently bonded to a 170 pm thick
glass slide. Each disposable culture chip contains several cultivation chambers in parallel. The

height of the growth regions is only 1.2 um high, ensuring that cells grow in one focal plane.

Live cell imaging in microfluidic devices

The inlet and outlet of the microfluidic chip were connected to silicon tubing (Tygon S-54-
HL, inner diameter = 0.25 mm, outer diameter =0.76 mm) and 1 ml sterile glass syringes (ILS
Innovative Labor SystemeGmbH, Germany). Media supply and flow control was realized
with a high precision syringe pump (neMESYS, Cetoni, Germany; Syringes, ILS). The chip
was flushed with media prior to seeding of the bacteria. The device was placed on a fully
motorized inverted microscope (Nikon Eclipse Ti) suitable for time-lapse live cell imaging.
Briefly, the setup was further equipped with a focus assistant (Nikon PFS) compensating for
thermal drift during long-term microscopy, Apo TIRF 100x Oil DIC N objective, objective
heater (ALA OBJ-Heater, Ala Scientific Instruments, USA), NIKON DS-Vil color camera,
ANDOR LUCA R DL604 camera, Xenon fluorescence light source for fluorescence
excitation and standard filters for the proper excitation of the chromophoreeYFP (excitation:

490 nm-510 nm; emission: 520 nm-550 nm) and detection of its emission. DIC microscopy
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images as well as fluorescence images were captured and analyzed using the Nikon NIS

Elements AR software package.

Growth of microcolonies

C. glutamicumAaceE was grown overnight in CGXII minimal medium containing 4% glucose
(w/v) and 1.5% (w/v) potassium acetate. The overnight culture was used to inoculate a
preculture that was grown for 4 hours (exponential phase), before being loaded into the
microfluidic chip. Cultivation was done in sterile medium. Prior to cell seeding, the system
was warmed to 30°C usinga heated microscope objective and immersion oil film. Single cells
were seeded into the chip device by flushing the cell suspension (ODggo~4) through the
channels with 300 nl/min. Once single cells were trapped, CGXII medium with 4% glucose
(w/v)and 1.5% (w/v) potassium acetate was infused using a syringe pump with a flow rate of
~25 nl/per minute per cultivation chamber. During time-lapse microscopy, colony growth was
followed for approximately five generations. To initiate the L-valine production phase, the

medium was switched to medium containing only 4% glucose (w/v) (Figure 3B).

Images were acquired at 15 minute intervals. Image analysis and data acquisition for the
lineage tree was performed as follows: Division intervals were determined for every division
event; for the final analysis of the microcolony (after 18 hours, see Figure 3B), the length of
the bacteria was measured manually (£ 0.1um) and fluorescence emission was quantified
through mean intensity of every defined region of interest (ROIs), which encompasses the cell
area. The cell area was manually assigned through the cell shape of the DIC figure of each
cell. The fluorescence was pseudo-colored and categorized into seven classes, with white

representing the maximum emitted fluorescence and black no fluorescence.
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Supporting Tables

Table S1: Positive clones obtained from FACS screening. Production of branched-chain
amino acids after 48 hour cultivation in CGXII medium with 4% glucose, 1.5% acetate and
0.1% yeast extract. For top five mutants see Table 3.

Strains, L-valine (mM) L-leucine (mM) L-isoleucine (mM)

Screening of mutants directly after mutagenesis (Gate S1-P1)

1 (top5: Mutant1) 8.7 1.3 0.9
2 (top5: Mutant 2) 5.1 1.0 1.3
3 5.1 0.7 n.d.
4 (top5: Mutant 5) 4.6 1.2 1.2
5 3.8 0.5 n.d.
6 3.1 n.d. n.d.
7 3.0 n.d. n.d.
8 0.8 n.d. n.d.
9 0.7 n.d. n.d.
10 0.5 n.d. n.d.
11 0.4 n.d. n.d.

Screening of mutants with high fluorescence emission after iterative screen (Gate S2-P1)

12 34 n.d. n.d.
13 (topS: Mutant 3) 4.8 1.0 1.0
14 3.0 n.d. n.d.
15 2.9 n.d. n.d.
16 2.7 n.d. n.d.
17 2.7 n.d. n.d.
18 2.7 n.d. n.d.
19 2.7 n.d. n.d.
20 2.5 n.d. n.d.

21 2.4 n.d. n.d.
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22 23 n.d. n.d.
23 2.2 n.d. n.d.
24 1.8 n.d. n.d.
25 1.8 n.d. n.d.
26 1.3 n.d. n.d.
27 0.8 n.d. n.d.
28 0.6 n.d. n.d.

Screening of mutants with middle fluorescence emission after iterative screen (S2-P2)

29 (top5: Mutant 4) 4.6 n.d. 2.1
30 4.0 n.d. n.d.
31 2.5 n.d. n.d.
32 1.7 n.d. n.d.
33 1.4 n.d. n.d.
34 1.3 n.d. n.d.
35 0.6 n.d. n.d.
36 0.2 n.d. n.d.
37 0.1 n.d. n.d.

Screening of mutants with low fluorescence emission after iterative screen (S2-P3)

38 2.1 n.d. n.d.

39 1.4 n.d. n.d.

a) Mutant clones obtained from high-throughput screening are ordered by FACS gate
shown in Figure 4. For screening approach SI, cells were sorted 6 hours after
mutagenesis in gate S1-P1; for approach S2, cells were sorted after iterative screen
from three gates differing in fluorescence signal (S2-P1: high, S2-P2: medium, S2-P3:
low).
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Fig. S1: Intracellular amino acid concentration (o) of C. glutamicum sensor cells after
incubation with 3 mM of Ala-Met (A), Ala-Leu (B), Ala-lle (C), and Ala-Val (D)
dipeptideand the resulting specific fluorescence (—) of the cells. For the adjustment of the
internal amino acid concentration, different ratios of dipeptide mixtures were added: 3 mM
Ala-X(—), 2.7 mM Ala-X + 0.3 mM Ala-Ala (—), 2.1 mM Ala-X + 0.9 mM Ala-Ala (- -),
1.5 mM Ala-X + 1.5 mM Ala-Ala (---), 0.9 mM Ala-X + 2.1 mM Ala-Ala (--), 0.6 mM Ala-X
+ 24 mM Ala-Ala (--),0.3 mM Ala-X + 2.7mM Ala-Ala (--), and 0.03 mM Ala-X +
2.97 mM Ala-Ala (---). For the determination of the intracellular amino acid concentration,
samples were taken at the time of the highest internal concentration (black arrow) and set into
relation with the maximal eYFP emission of the cells (grey arrow).
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Fig. S2:Gating strategy used for discriminating the populations shown in Figure 2 B-E.
Dot plots in the left column display the FCS and SSC signals of C. glutamicum cells with
different internal effector concentrations (see Figure 2).Dot plots of the right column display
the FCS signal versus the eYFP signal of the same populations. (A) and (B) L-methionine,

(C) and (D) L-leucine, (E) and (F) L-isoleucine, and (G) and (H) L-valine.
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Fig. S3: Fluorescence signal of individual C. glutamicumAaceE cells at the time of
fluorescence measurement shown in Fig. 3B (#). The flow was stopped for two hours and the
fluorescence emission of each cell was quantified again (A ).
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Fig. S4: Growth (—) and specific fluorescence (--) of C. glutamicum wild type (F) and
C. glutamicum mutants 1-5 (A-E) excreting 8.7 mM (mutant 1), 5.1 mM (mutant 2), 4.8 mM
(mutant 3), and 4.6 mM L-valine (mutant 4 and 5) and low amounts of L-leucine and L-
isoleucine (see Table 3). Cells were cultivated for 48 hours in CGXII minimal medium with
the supplement of 4% glucose, 1.5% acetate, and 0.1% yeast extract. Data represent average
values of two independent cultivations.
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Online Movies

Video S1:A time-lapse movie of the growth phase (1-15 hours) of the C. glutamicum AaceE

microcolony, with 15 minutes between frames (see Figure 3B).
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6.2. Supplemental information (SI) - L-methionine producing mutants of
Corynebacterium glutamicum isolated by biosensor-based high throughput screening

Table 1: Overview of mutations which were identified in genes coding for (putative) transcriptional regulators. Shown
are mutations resulting in amino acid exchange (indicated by x), those that are silent and those leading to a stop codon.

Gene ID Gene name and annotation CgN373 CgN373 CgN373 AmcbR AmcbR AmcbR
mutant mutant mutant mutant mutant mutant
no. 16 no. 33 no. 75 no. 58 no. 62 no. 63
cg0012 ssuR, sulfonate utilization transcriptional X X
regulator SsuR
cg0019 Putative transcriptional regulator, LysR- X X silent
family
cg0039 Putative transcriptional regulator 2x X X
cg0090 citB, two-component response regulator X, silent
CitB
cg0146 atlR, transcriptional regulator for arabitol X
metabolism
cg0150 Putative transcriptional regulatory protein, X X
Fic/Doc family
cg0156 cysR, transcriptional regulator involved in X
sulfonate utilization, CysR
cg0330 cgtR1, putative two component response X
regulator
cg0343 Putative transcriptional regulator, MarR- X X
family
cg0725 Putative transcriptional regulator, MarR- X
family
cg0897 pdxR, pyridoxine biosynthesis X X X, silent
transcriptional regulator, aminotransferase
cg1084 cgtR10, putative two component response X
regulator
cg1143 Putative transcriptional regulator, GntR- X
family
cg1324 rosR, regulator of oxidative stress response stop
cg1410 rbsR, transcriptional repressor of ribose X
transport
cg1648 Putative transcriptional regulator, RpiR- X stop
family
cg2103 Transcriptional regulator, DtxR-family X
cg2115 sugR, DeoR-type transcriptional regulator of | x X
ptsG, ptsS and cg2118-fruK-ptsF
cg2140 recX, regulatory protein involved in DNA X
repair, RecX family
€g2320 Putative transcriptional regulator, ArsR- X
family
cg2516 Putative transcriptional regulator, HrcA- X
family
cg2544 Putative transcriptional regulator, GntR- X
family
cg2627 pcaO, transcriptional regulator of 4- X X X
hydroxybenzoate, protocatechuate, p-cresol
pathway
cg2641 Putative transcriptional regulator, LuxR- X silent X
family
€g2648 Putative transcriptional regulator, ArsR- X X X
family
cg2783 gntR1, gluconate-responsive repressors of X
genes involved in gluconate catabolism and
the pentose phosphate pathway
€g2910 Putative transcriptional regulator, Lacl- X
family
€g2965 Putative transcriptional regulator, Arac- 2x
family
cg3061 cgtR6, putative two component response X
regulator
€93202 Transcriptional regulator, GntR-family X X X
€g3239 Putative transcriptional regulator, LysR- X
family
cg3261 Putative transcriptional regulator, GntR- X
family
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The aconitase gene acn of Corynebacterium glutarnicum is regulated by four transcriptional regulators,
indicating that the synthesis of this enzyme is carefully controlled. To understand the causes for this elaborate
regulation, the properties of the Aacn-1 deletion mutant were analyzed in detail. The mutant was glutamate
auxotrophic in glucose minimal medium, showed a strong growth defect, and secreted large amounts of acetate.
None of these phenotypes could be complemented by plasmid-encoded aconitase, suggesting the presence of a
secondary mutation. In fact, a point mutation within the glt4 gene encoding citrate synthase was identified that
caused the instability of the protein and an almost complete lack of its enzymatic activity. Subsequently, 27
further, independent Aacn clones were isolated, and 15 of them were found to contain distinct mutations in gleA,
causing the loss of citrate synthase activity. A similar result was observed for mutants lacking the isocitrate
dehydrogenase gene icd. In this case, 8 of 24 Aicd clones contained additional mutations in glt4. Indirect
evidence was obtained that elevated intracellular citrate concentrations could be the cause of this selection
pressure. Accordingly, the careful control of aconitase synthesis might have evolved due to the necessity to
avoid inhibitory cytoplasmic citrate levels on the one hand and to prevent the excessive synthesis of an

oxygen-sensitive protein requiring both iron and sulfur on the other hand.

For most organisms, the tricarboxylic acid (TCA) cycle, also
known as the Krebs cycle, is a key metabolic pathway. In its
catabolic function, acetyl-coenzyme A (CoA), a product of the
degradation of sugars, fatty acids, amino acids, and other car-
bon sources, is oxidized to CO,, thereby generating reducing
equivalents (NADH and reduced quinones) for respiration
and ATP by substrate-level phosphorylation. In its anabolic
function, the TCA cycle produces 2-oxoglutarate and oxaloac-
etate as precursors of the glutamate family and the aspartate
family of amino acids, respectively, in addition to other impor-
tant intermediates, such as succinyl-CoA. Moreover, in many
bacteria, NADPH is produced for biosynthetic purposes by the
isocitrate dehydrogenase reaction.

The TCA cycle has been studied quite intensively in Conyme-
bacterium glutamicum. This Gram-positive soil bacterium is
used for large-scale industrial amino acid production, with the
major products being the flavor enhancer r-glutamate (as
monosodium salt) and the feed additive 1-lysine, both of which
are derived from intermediates of the TCA cycle. Many en-
zymes have been characterized, for example, citrate synthase
(13), aconitase (4), isocitrate dehydrogenase (12), the 2-oxo-
glutarate dehydrogenase complex (25, 43, 59), fumarase (19),
succinate dehydrogenase (34), malate-menaguinone oxi-
doreductase, and malate dehydrogenase (18, 40, 41). In addi-
tion, a complex regulatory network for the control of TCA
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cycle activity has been elucidated (for a review, see reference
7) that includes a variety of transcriptional regulators and a
novel mechanism for the control of 2-oxoglutarate dehydroge-
nase activity involving the inhibitor protein Odhl, which acts as
a phosphorylation-dependent molecular switch (43).

The relevance of individual TCA cycle enzymes in C. glu-
tamicum has been explored with the help of mutants in which
the corresponding genes were disrupted or deleted, such as
strains lacking citrate synthase (13, 47), isocitrate dehydroge-
nase (12), 2-oxoglutarate dehydrogenase (25), malate-quinone
oxidoreductase (41), and malate dehydrogenase (40, 41). In
the case of citrate synthase, which catalyzes the first, irrevers-
ible step of the TCA cycle, this approach revealed the presence
of alternative enzymes which can at least partially take over the
function of the deleted protein. Initially it was shown that an
inactivation of glt4 (cg0949) leads to citrate or glutamate aux-
otrophy, suggesting that glt4 codes for the only citrate synthase
in C. glutamicum (13). Later, two methylcitrate synthases were
identified, PrpC1 {cg(798) and PrpC2 (cg0762), which also can
catalyze the formation of citrate from oxaloacetate and acetyl-
CoA (47). Their activity usually is not sufficient to substitute
for the one of GltA, but enhanced prp gene expression due to
the inactivation of the repressor PrpR allows for the partial
complementation of a Agltd mutant (47).

In the present work, we have analyzed the properties of
aconitase deletion mutants. According to the genome se-
quence, C. glutamicum contains only a single aconitase gene,
named acn (cgl737). No other enzyme that can metabolize
citrate, such as citrate lyase or ATP-citrate lyase, currently is
known in this species. Aconitase of C. glutamicum recently has
been characterized biochemically and was found to have prop-
erties similar to those of aconitases from other sources (4). It
contains a 4Fe-48 cluster and is highly oxygen sensitive. The
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)

Source or reference

E. coli
DH5a

F~ &80diacA(lacZ)MI15 A{lacZYA-argF)U169 endAl recAl hsdRI7 (e, myg™) 23

deoR thi-1 phod supE44 &~ gyrA96 relAl: used for cloning procedures

C glutamicum

ATCC 13032 Biotin-auxotrophic wild type 30
ATCC 13032 Aacn-1. Independently isolated clones with an in-frame deletion of the aconitase gene acn This work
Aacn-2, .. .. Aacn-30 (inclusive)
ATCC 13032 Aicd-1, Aied-2, .. .. Independently isolated clones with an in-frame deletion of the isocitrate This work
Aicd-39 (inclusive) dehydrogenase gene icd
Plasmids

pK19mobsacB Kan"; vector for allelic exchange in C. glutarmicum; pK18 onVy. ... sacB. lacZo 51

pK19mobsacB-Aacn Kan"; pK19mobsacB derivative containing a PCR product covering the up- and This work
downstream regions of the acn gene

pK19maobsac B-Aicd Kan"; pK19mobsacB derivative containing a PCR product covering the up- and This work
downstream regions of the icd gene

pEKEx2 Kan": C. glutamicum/E. coli shuttle vector for regulated gene expression; P, 11
lacl, pBL1 0riVe prusmicam. PUCL8 oriVi o

pEKEx2-acn Kan"; pEKEx2 derivative containing the acn gene of C. glutamicum under the This work
control of the tac promoter

pANG Kan"; C. glutamicum/E. coli shuttle vector for regulated gene expression, 16
derivative of pEKEx2

pAN6-acn Kan"; pANG6 derivative containing the acn gene of C. glutamicum under the This work
control of the tac promoter; expression without Strep tag

pANG-acn-gltA Kan"; pANG derivative containing the acn and the gltd gene of C. glutamicum This work
under the control of the tac promoter

pANG-icd Kan"; pANG derivative containing the icd gene of C. glutamicum under the This work
control of the tac promoter

pANG-icd-gltA Kan"; pANG derivative containing the icd and the gltd gene of C. glutamicum This work
under the control of the fac promoter

pANG-citH Kan"; pANG derivative containing the citH gene of C. glutamicum under the This work

control of the tac promoter

expression of the acn gene is extensively regulated by at least
four different transcriptional regulators, AcnR, RipA, RamA,
and GIxR. Whereas the physiological role of acn repression by
AcnR is not yet clear, repression by RipA is part of iron
homeostasis and serves to reduce the iron demand under iron
limitation (15, 33, 65). The activation of acn transcription by
RamA serves to allow the increased carbon flux through the
TCA cycle during growth on acetate (14). GIxR is a global
regulator that directly influences the expression of about 14%
of the annotated genes of C. ghaamicum (31). It binds to the
acn promoter and presumably represses its transcription in the
presence of cyclic AMP (cAMP) (22).

In eukaryotes and some prokaryotes, aconitase also has a
regulatory function by binding to certain mRNAs and inhibit-
ing or increasing their translation (1, 3, 5, 24, 54-56). This
function is exhibited only when the Fe-S cluster is absent (5,
64). In Bacillus subtilis, for example, aconitase is required for
the late sporulation phase (52). The Escherichia coli enzymes
AcnA and AcnB have been shown to positively autoregulate
their synthesis under oxidative stress by stabilizing their own
mRNA (54). In addition, both proteins were found to be in-
volved in the control of superoxide dismutase (56). Whether C.
glutamicum aconitase also exhibits a regulatory function by
binding to certain mRNAs is not known yet.

In this work, a detailed analysis of aconitase deletion mu-
tants of C. glutamicum was performed with the aim of under-
standing the reasons for the elaborate transcriptional regula-

tion of the acn gene and to test for a possible regulatory
function of aconitase. In the course of our studies, it became
evident that the deletion of the acn gene causes a strong
selection pressure for secondary mutations within the glid
gene, which might be caused by a growth-inhibitory level of
cyloplasmic citrate.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth media. The bacierial sirains and
plasmids used in this study are lisied in Table 1. The C. ghaamicwn wpe sirain
ATCC 13032 was used as the wild type. The Aacn and Aicd mutanis are deriv-
atives of the wild wpe containing an in-frame deletion of either the aconitase
gene acn or the isocitrate dehydrogenase gene icd. For growth experiments, 20
ml of brain heart infusion broth (BHI; Difco Laborawries, Detroit, MI) supple-
mented with 4% (wi'vol) glucose (final concentration of 4.2% [wivol] glucose)
was inoculated with a colony from a fresh BHI agar plaie and incubated over-
night ar 30°C and 120 rpm. Cells of this preculiure were washed once in phos-
phate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 43 mM Na,HPO,. 1.4
mM KH,PO,, pH 73) and used 1o inoculate the main culwre w an optical
density at 600 nm (ODyg,) of abour 1. Main cultures were incubated at 30°C and
120 rpm in 500-ml baffled Erlenmeyer flasks conuaining 50 ml CGXII minimal
medium (29) supplemented with 3 4-dihydroxybenzoate (30 mg liier ') as an
iron chelator and glucose, r-glutamate, 1-glutamine, or sodium cirae as a
carbon source at the concentrations specified throughout the wext. For high-
performance liquid chromatwgraphy (HPLC) analyses, cirate determination,
DNA microarrays, and two-dimension (213) gel analysis, a second preculure was
included using the same medium as that for the main culre. For plasmid-
harboring strains, the medium was supplemented with 25 pg ml™* kanamycin.
For the induction of the expression of the target genes cloned into the expression
plasmid pEKEX2 or pANG, isopropyl B-p-1-thiogalactopyranoside (IPTG) was
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used at the concentrations indicated. For cloning purposes, Escherichia coli
DH5a was used and cultivated at 37°C in Iysogeny broth (LB) (50).

Recombinant DNA work. The enzymes for recombinant DNA work were
obuained from New England BioLabs (NEB; Frankfun, Germany) or Fermentas
(5t Leon-Rot, Germany). The oligonucleotides used in this siudy were obrained
from Operon (Cologne, Germany) and are listed in Table 51 in the supplemental
material. Routing methods, such as PCR, DNA restriction, and ligation, were
performed using standard protocols (30). Chromosomal DNA of C. ghaarmicum
was prepared as described previously (13). E celi plasmids were isolated using
the QILAprep spin miniprep kit (Qiagen, Hilden, Germany). E. coli was trans-
formed using the RbCl method (23). C. gluarmicum was transformed by electro-
poration (60). DNA sequencing was performed by AGOWA (Berlin, Germany).

The in-frame acn and icd deletion mutants of C. glutamicum were constructed
via a two-step homologous recombination protocol as described previously (42).
The up- and downstream regions (—500 bp) of the genes were amplified using
the oligonucleotide pairs acn-A-fw-EcoRlacn-B-rev, acn-C-fw/acn-D-BamHI,
icd-A-fw-EcoR1ficd-B-rev, and icd-C-fwficd-D-BamHI, respectively. The resuli-
ing PCR products served as templates for overlap exiension PCR using the
oligonucleotide pairs acn-A-fw-EcoR1facn-D-BamHI and icd-A-fw-EcoRLicd-
D-BamHI. The resulting DNA fragments were digested with EcoRI and BamHI
and cloned inw pK19%mobsacB. The plasmids were checked by sequencing o
exclude errors. The wransfer of the resulting plasmids pK19mobsacB-Aacn and
PK19mobsacB-Aicd inw C. glutamicwn and screening for the first and second
recombination event were performed as described previously (42). Kanamycin-
sensitive and saccharose-resistant clones were tesied by colony PCR analysis with
the oligonucleotide pairs acn-upstream/acn-D-BamHI and icd-upstiream/icd-I-
BamHI for the deletion of ace and icd, respectively.

For the construction of plasmid pEKEx2-acn, the acn coding region of the C.
glutamiceern wild type was amplified with an arificial ribosome binding site using
the oligonucleotide pair acn-RBS-BamHI-fw/acn-BamHI-rv and cloned into the
BamHI site of pEKEx2. The plasmid was sequenced 1w exclude errors. For
complemeniation experiments, the plasmids pAN6-gcn and pANG-acn-glid were
constructed as follows. The acn coding region was amplified using the primer pair
acn-Ndel-fw/acn-Nhel-STOP-rv and cloned into pANG via the Ndel and Nhel
sites. The plasmid was sequenced 1o exclude errors. The gled coding region was
amplified using the primer pair gltA-RBS-Nhel-fw/gltA-Nhel-rv, which intro-
duces a ribosome binding site (GAGATA) 5 bp upstream of the start codon of
gltd. The product was cloned inw the Nhel site of pAN6-acn. The sequence and
the orientation of gitd in pANG-acn-gltA were checked by sequencing. The
plasmids pAN6-icd and pAN6-icd-gliA were constructed analogously. The icd
coding region was amplified using the primer pair icd-Nhel-fw/icd and cloned
into pANG6 via the Ndel and Nhel sites. The cloning of the gltd gene was
performed as described above.

Determination of specific activities of aconitase and citrate synthase. Aconi-
tase activity was measured in cell extracts as described previously (33). For citrate
synthase activity measurements, the Ascn sirains were grown for 16 h in 50 ml
BHI medium supplemented with 4% (wi/vol) glucose, harvesied, washed once in
50 mM Tris-HCI buffer (pH 7.5), and resuspended in a buffer (the volume was
equal o the OD of the culture muliplied by 0.2 ml) containing 50 mM Tris-HCI,
pH 7.5, and 200 mM porassium glutamate. One ml of the cell suspension was
mixed with 230 mg zirconia/silica beads (0.1-mm diameter; Biospec, Bartlesville,
OK) in a 2-ml Eppendorf tbe, and the cells were mechanically disrupied by
three 30-s shakings in a Silamat 55 (Ivoclar Vivadent, Ellwangen, Germany). For
the determination of citrae synthase activity in Aied mutanis, 1 ml of the cell
suspension was mixed with 400 mg zirconia/silica beads in a 2-ml screw-cap wbe,
and the cells were mechanically disrupted by 3 min of shaking in a SpeedMill P12
homogenizer (Analviik Jena AG, Jena, Germany). Cell debris and unbroken
cells were separated by two 15-min centrifugations at 16,000 x ¢ at 4°C. Between
the two centrifugation steps the supernatant was transferred 1o a new wbe. The
resuluing cell extract was kept on ice until it was used for the assay, which was
based on the reaction of coenzyme A with 3,5"-dithiobis( 2-nitrobenzoic acid).
The absorbance of the resulting yellow 2-nitro-5-thiobenzoate dianion was mea-
sured spectrophotomerrically at 412 nm as described previously (47). Prowin
concentrations were determined using the bicinchoninic acid (BCA) prowein
assay kit (Pierce, Bonn, Germany) with bovine serum albumin as the standard.

Determination of glucose and organic acids. Glucose and organic acid con-
centrations in supernatants were determined by ion-exchange chromatography
using an Agilent 1100 LC sysiem (Agilemt Technologies, Waldbronn, Germany)
equipped with a caton exchange column {organic acid Refil column; 300 by 8
mm; CS-Chromawography GmbH, Langerwehe, Germany). Substances were
eluted with 100 mM H S0, for 42 min at 40°C using a flow rate of 0.4 ml min~*.
Eluted organic acids and glucose were detected by a diode array detecior at a
wavelength of 215 nm or by a refraction index detector, respectively. The sub-
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stances were quantified by comparing the signal areas with calibration curves
based on external standards. Citrate concentrations also were determined enzy-
matically using a citrate assay kit (Megazyme, Bray, Ireland) according 1o the
manufaciurer’s instructions.

Western blot analysis. For the detection of citraie synthase, aconitase, or
isocitrate dehvdrogenase in cell extracts of C. glutamicum strains, Western blot
analysis was performed. Cell extract corresponding o 10 pg protein was sepa-
rated on sodium dodecyl sulfate (SDS)-polyacrylamide gels (109 separating gel)
and then elecrroblotied ono a nitrocellulose membrane (Hybond-C exwra; GE
Healthcare, Munich, Germany) using a Transblot semidry transfer cell { Bio-Rad,
Minchen, Germany) and buffer containing 25 mM Tris, 192 mM glycine, and
20 methanol (38). The blocking of nonspecific binding was performed with 5%
(wivol) skim-milk powder in PBST buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM
NaHPO,, 1.4 mM KH,PO,, 500 ul 17" Tween 20). Polyclonal rabbit amibodies
were prepared against purified citrate synthase, aconitase, and isocitrate dehy-
drogenase of C. glutamicum by BioGenes (Berlin, Germany). The primary anti-
bodies were used in a 1:10,000 dilution. The secondary antibody was a goat
anti-rabbit immunoglobulin G alkaline phosphatase conjugate (Bio-Rad) and
used at a 1:10.000 dilution. Detection was performed in alkaline phosphatase
buffer (100 mM Tris-HCL, pH 9.5, 100 mM NaCl, 10 mM MgCl;) containing 0.3 g
liter ! mitroblue tetrazolium chloride and 0.2 g liter™ ! 5-bromo-4-chloro-3-in-
dolyiphosphate.

Sequencing of the gltd coding region in selected clones of C. glutamicum. To
sequence the gitd gene of selecied C. glutamicum sirains, the gled coding region,
including the promoters, was amplified by colony PCR using the primers gltA-fw
and gltA-rv. The PCR product was purified and sequenced using the primers
glA-seq-f and gltA-seg-b, which anneal roughly in the middle of the gitd gene
facing in opposite directions.

RESULTS

Phenotypic properties of an aconitase deletion mutant. To
study the role of aconitase in Conymebacterium glutamicum, acn
(cgl737) in-frame deletion mutants were constructed and ver-
ified by colony PCR as described in Materials and Methods.
Four independent clones were isolated (Aacn-1 to Aacn-4
clones), and the Aacn-1 clone was chosen for further charac-
terization. As expected, the mutant was not able to grow in
CGXII glucose minimal medium without the supplementation
of rL-glutamate or r-glutamine. As shown in Fig. S§1 in the
supplemental material, the final optical density (OD,,,) de-
pended on the glutamate or glutamine concentration. The
maximal optical densities achieved were ~5 for 5 mM 1-glu-
tamine, ~10 for 20 mM r-glutamine, ~17 for 40 mM r-glu-
tamine, and ~30 for 100 mM 1-glutamine or 1-glutamate. The
growth rates were about 0.15 h™' for 5, 20, and 40 mM 1-glu-
tamine and about 0.18 h™' for 100 mM 1-glutamine or 1-glu-
tamate. Under the given conditions, the C. glhaamicum wild
type showed a growth rate of about 0.35 h™ ' and a final 0D,
of about 60 to 70.

The deletion of the acn gene also was confirmed by measur-
ing the specific activity of aconitase in cell extracts. Whereas
the wild type showed a specific activity of 0.20 = 0.05 U mg ',
which corresponds to previously published values (33), only
background activity (<0.01 U mg ') was found for the Aacn-1
strain. Aconitase activity could be restored (2.44 = 037 U
mg ') by introducing a plasmid encoding aconitase (pEKEx2-
acn) into C. glutamicum Aacn-1 and the induction of expres-
sion with 1 mM IPTG. Surprisingly, neither the growth defect
nor the glutamate auxotrophy could be complemented.

Organic acid formation in the wild type and Aacn mutant.
Transcriptome and proteome analyses of the Aacn-1 mutant in
the exponential growth phase at an ODy,,, of about 5 revealed
strongly increased mRNA and protein levels for enzymes in-
volved in acetate metabolism, in particular for isocitrate lyase
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FIG. 1. Growth, pH profile, and organic acid production of the C. gluramicum wild type (A) and the Aacn-1 mutant (B). Cells were cultivated
in CGXII medium with 4% (wt/vol) glucose and 100 mM L-glutamate. At the indicated time points, 1-ml samples were taken and used for the
determination of the optical density (OD,). Subsequently. the samples were centrifuged and the supernatant was used for pH and HPLC analysis.
M. 0D, A, pH; O, acetate; ¢, lactate; [, citrate. Representative results from three independent experiments are shown. In the supernatant of
the wild-type culture, citrate could not be detected by HPLC, therefore the corresponding curve was omitted.

and malate synthase (see sections SD and SE in the supple-
mental material). As these enzymes are known to be induced
in the presence of acetate (48, 49), the excretion of organic
acids and the pH profile of the mutant and the wild type were
measured during cultivation in CGXII minimal medium con-
taining 222 mM glucose and 100 mM r-glutamate. In the ex-
ponential growth phase, the pH of the wild-type cultures
dropped significantly to about 5.2 due to the accumulation of
lactate (up to 120 mM) and acetate (up to 100 mM) in the
medium (Fig. 1A). When the cells reached the stationary
growth phase, lactate and acetate were consumed again, caus-
ing a rise of the pH, which finally stabilized at about 8.0. The
accumulation of lactate is a consequence of oxygen limitation
and is typical for the cultivation conditions used. In contrast,
the strong acetate formation is not observed in CGXII medium
containing only glucose as a carbon source. Perhaps the flux
into the TCA cycle is partially controlled by the availability of
glutamate and becomes reduced when high concentrations of
glutamate are present, leading to increased acetate secretion.
Both lactate and acetate formation started when the wild-type
cultures had reached an OD,,, of about 18. The profiles of the
Aacn-1 strain were very different from that of the wild type
(Fig. 1B). Besides the lower growth rate and the lower final
OD, the pH never dropped but started to increase right from
the beginning of the cultivation and stabilized at around pH
8.0. Lactate formation was strongly reduced and reached con-
centrations of only 15 mM. In contrast, acetate was excreted
immediately after the start of the cultivation and reached final
concentrations of up to 120 mM. The acetate was not con-
sumed again. Minor concentrations of citrate (at most 2 mM)
were detected in the supernatant of stationary-phase cultures
of the Aacn-1 mutant, whereas citrate was not detectable by
HPLC in the supernatant of the wild-type cultures. When an
enzymatic assay was used, citrate concentrations at a maximum
of 0.5 mM were detected in the wild-type culture supernatants
(data not shown).

The observation that the Aacn-1 mutant formed acetate
right from the beginning of the cultivation explains the strongly
increased mRNA levels of the isocitrate lyase (aced) and
malate synthase (aceB) genes compared to those of the wild
type (see Table 54 in the supplemental material). The tran-

scription of aced and aceB is known to be strongly activated in
the presence of acetate by the transcriptional regulator RamA
(10). The RNA used for the DNA microarray experiments was
isolated from cells at an OD,,, of about 5, at which point the
wild type had not vet started forming acetate.
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FIG. 2. Western blot analysis of selected Aaca and Aicd clones with
citrate synthase-specific antibodies. (A) Western blot with citrate syn-
thase-specific antibodies of the Aacn clones carrying a mutation in the
chromosomal glt4 gene. (B) Western blot analysis of all Aicd clones
analyzed in this work. Cells were cultivated in BHI medium supple-
mented with 4% (wt/vol) glucose for 16 h, harvested, and washed once
with PBS buffer. The cells were disrupted, and cell extract correspond-
ing to 10 pg protein (A) or 8 pg protein (B) was used for SDS-PAGE.
The proteins then were blotted onto a nitrocellulose membrane. The
membranes were probed with polyclonal citrate synthase-specific rab-
bit antibodies and an anti-rabbit alkaline phosphatase-conjugated sec-
ondary antibody. The numbers above the lanes are those given to the
individual Aacn or Aicd clones tested. wt, C. glutamicum wild type.
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TABLE 2. Overview of the Aacn clones analyzed in this study

Wild type or Change in: Presence of citrate synthase:
Aacn mutant no. eleA® GliA? Protein® Activiry?
Wild type + +
1 C1196—T Pro399—Leu - -
2 C385—T GIn129—5TOP - -
3 C723—A Asn24—Lys + -
4 ISCgld (cg2600) insertion before G160, Gly54 - =
5 Insertion of A at AR99 Frameshift - -
[ ISCgl3b (cgl782) insertion 50 bp upstream of start codon — =
7 C1255-T Prod419—S8er + -
8 ISCg5 (cg0824 or cg2915) insertion before A124, Met42 - —
9 C1017-A1223 missing 69 amino acids missing + (smaller)* —
10 + +
11 C188—T Ser63—Leu + —
12 + +
13 G1127-T1172 doubled Frameshift — -
14 + +
15 + +
16 + +
18 AT—T His316—Leu + -
19 C493—T Glnl65—STOP = =
20 + +
21 + +
22 + +
23 ISCgla (cgl213) insertion in the —10 region of promoter P1 (+Y —
24a + +
24b + +
27 + +
28 + -
29 +C after C538 Frameshift - -
30 T941 missing Frameshift - -

@ Mutation on the DNA level.
 Consequences on the protein level.

“ Plus and minus indicate that the protein was detectable or underectable, respectively, by Wesiern blotting,
@ A plus indicates activity of 0.5 U (mg protein)~'; a minus indicates background activity of <0.03 U (mg protein)~'. Measurements were performed in triplicate

with cell extract from one culure of each murant

© Due w the partial deletion of 207 bp, the resulting protein is 69 amino acids smaller than the native protein (41.0 kDa and 48.9 kDa, respectively).
S Due o the insertion of the IS element into the promoter of gitd, the strain shows an intermediate phenotype with a significantly reduced amount of citrate synthase

protein present in the cell [indicated by (+)].

Activity and content of citrate synthase in selected C. glu-
tamicum strains. In view of the fact that the citrate synthase
reaction is irreversible under physiological conditions and no
other citrate-converting enzymes besides aconitase are known
in C. glutamicum, higher concentrations of citrate had been
expected in the Aacn-1 mutant. The oxaloacetate required for
citrate synthesis can be formed by phosphoenolpyruvate (PEP)
carboxylase, pyruvate carboxylase, or from glutamate via the
TCA cycle. One explanation for the low citrate accumulation
could be low citrate synthase activity. To test this hypothesis,
both the enzymatic activity and the protein level of citrate
synthase were determined. With 0.016 U mg ', citrate syn-
thase activity of cell extracts of the C. glufamicum Aacn-1 and
Aacn-3 strains was about 50 times decreased compared to that
of the wild type (0.756 U mg '). The residual activity of the
Aacn-1 strain is similar to that measured in a gltd insertion
mutant (13). To probe whether citrate synthase is present (but
inactive) in or absent from C. glutamicum Aacn, a Western blot
analysis with citrate synthase-specific antibodies was per-
formed. It revealed close 1o wild-type levels of citrate synthase
in the Aagcn-3 strain but an almost complete absence of citrate
synthase protein from the Aacn-1 strain (Fig. 2A).

Identification of secondary mutations in Aacn strains caus-
ing the loss of citrate synthase activity. The results described
above suggested the presence of mutations in the citrate syn-
thase genes of the aconitase deletion strains. Therefore, the
gltA coding region in Aacn-1 and Aacn-3 strains was sequenced.
In the Aacn-1 strain, a mutation causing a Pro399—Leu ex-
change that presumably leads to the misfolding and subsequent
degradation of the mutated protein was detected. The gltd gene
of the Aacn-3 strain contained a mutation leading to an
Asn241—Lys exchange, which probably caused an inactivation of
citrate synthase. With the knowledge of these secondary muta-
tions in glt4, another approach was used to complement the
glutamate auxotrophy of the Aacn-1 strain with an expression
plasmid containing not only acn but also gltd (pAN6-acn-gltA). In
this case, both the glutamate auxotrophy and the growth defect
could be abolished (see Fig. S2 in the supplemental material).

To test whether the absence of aconitase always causes sup-
pressor mutations within the gltd gene, new Aacn clones were
isolated and analyzed by the sequencing of the gltd gene,
citrate synthase activity assays, and Western blot analysis with
citrate synthase-specific antibodies. Table 2 shows an overview
of the results. Of the 28 Aacn clones in total, 16 contained an
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TABLE 3. Overview of the Aicd clones analyzed in this study

Wild type or

Change in:

Presence’ of citrae synthase:

Aicd murant no. glea®

Glta® Protein® Activity?

Wild type

ISCgld (cg2600) insertion before G160, Gly54

L =R= I Il o

I5Cgla (cgl213) insertion before G160, Gly34

25 C966 missing

30

3

32

34 +A after A972

35

36 AS552-C564 missing
37

38

39

Aicd_old G161-T

ISCg! between P1 and P2, 292 bp upstream of the translational start
13 ISCglb (cg2725) between P1 and P2, 146 bp upstream of the translational start

I+ 1 +++

AA
I+ +
Ler
-

+ o+ A+ +

Frameshift (+) (smallery

Frameshift

l+++ I+ 1+ttt ++++TT+ 1 +++

i e S T S R

GlyS4—Val

¢ Mutation on the DNA level.
" Consequences on the protein level.

© Plus and minus indicate that the protein was detectable or undetectable, respectively, by Western blowing.
A plus indicates activity of =0.25 U (mg protein) ~; a minus indicates background activity of <0.03 U (mg protein)~'. Measurements were performed in triplicate

with cell extract from one culwure of each mutant
© Aicd-9 sirain, 0.18 U (mg prowein) —'; Aicd-3 strain, 0.04 (mg protein) .

S Symbols indicate amounts of protein in the following order: + = (+) = (*) = —.
# Due 1o & frameshift caused by the absence of C966, the resulting protein is 115 amino acids smaller than the native prowein (35.6 kDa and 48.9 kDa, respectively).

altered gltd gene, and remarkably all 16 glt4 mutations were
different. The following mutations were observed: five single
amino acid exchanges, four insertion sequence (IS) element
insertions, three frameshifts, two nonsense mutations, one
200-bp deletion, and one partial duplication. Whenever a mu-
tation was observed in the gltd coding region, there was no
citrate synthase activity measurable in the cell extract of the
respective clone (Table 2). Figure 2A shows the Western blot
analysis of the Aacn clones with a mutated gltd gene. The
majority of the clones (no. 1,2, 4, 5, 6, 8, 13, 19, 23, 29, and 30)
lacked detectable citrate synthase protein. The clones 3, 7, 11,
and 18 contained citrate synthase protein in amounts close to
the wild-type level, and clone 9 contains a shortened version of
citrate synthase caused by the partial deletion.

Analysis of Aicd strains. During the studies of the Aacn
strains, a Aicd strain was tested and showed no citrate synthase
activity. The sequencing of the glt4 gene of this strain revealed
a Gly54—Val exchange (Table 3, Aicd_old). The deletion of
icd therefore seemed to have an effect similar to that of the acn
deletion. To further test this hypothesis, 23 additional Aicd
clones were isolated and analyzed by the sequencing of the gltA
gene, citrate synthase activity assays, and Western blot analysis
with citrate synthase-specific antibodies (Fig. 2B and Table 3).
The Western blot also was probed with isocitrate dehydroge-
nase-specific antibodies to confirm the absence of this enzyme.
Eight of 24 Aicd clones contained a mutated git4 gene. Inter-
estingly, two of the eight clones carried an IS element between

the two promoters of gltd, which in the case of the Aicd-9 strain
was located further upstream of the transcriptional start site
than in the case of the Aicd-13 mutant. The Aicd-13 clone
showed a strong decrease of citrate synthase activity and pro-
tein content, whereas the Aicd-9 clone showed an intermediate
phenotype.

Complementation studies were performed with the Aicd-2
{active citrate synthase) and Aicd-4 (inactive citrate synthase)
strains using the plasmids pANG6, pAN6-icd, and pAN6-icd-
gltA. The glutamate auxotrophy of the Aicd-2 strain containing
an intact gitd gene could be complemented with pAN6-icd,
whereas for the complementation of the Aicd-4 mutant with a
mutated glt4 gene the plasmid encoding both isocitrate dehy-
drogenase and citrate synthase was necessary (data not
shown). The results suggest that the selection pressure for
citrate synthase inactivation is less strong in Aicd mutants than
in Aacn mutants, which might be related to the possibility that
Aicd mutants metabolize isocitrate via the glyoxylate shunt.

Evidence for growth inhibition by cytoplasmic citrate accu-
mulation. The results reported above show that the deletion of
the aconitase gene or the isocitrate dehydrogenase gene in C.
glutamicum triggered a selection pressure for secondary muta-
tions in the citrate synthase gene, causing the loss of citrate
synthase activity. A possible reason for this phenomenon could
be a growth-inhibitory effect of elevated intracellular citrate
levels. By gas chromatography-mass spectrometry (GC-MS)
analysis, it was shown qualitatively that the Aacn-1 strain in fact
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contained significantly more citrate within the cells than the
wild type cultivated under the same conditions (data not
shown). To get some evidence for the growth-inhibitory effect
of citrate, an experiment was performed in which C. glurami-
cum faces a sudden import of citrate into the cell. Citrate
utilization and its regulation have been studied recently in C.
glutamicum (8, 44). This species possesses two citrate uptake
systems, CitH and TctABC. Citrate transport by CitH is de-
pendent on Ca®* or Sr?*, whereas TctCBA requires Mg>* or
Ca®". The transcription of citH and ictCBA is activated by a
wo-component regulatory system composed of the sensor ki-
nase CitA and the response regulator CitB when citrate is
present in the medium. Cells adapted to citrate consumed it in
parallel with glucose.

To analyze the response to a sudden high intracellular ci-
trate concentration, the C gluramicum wild type was trans-
formed with the expression plasmid pAN6-citH, which carries
the citH gene under the control of the mc promoter. The
experimental setup is presented in Fig. S4 in the supplemental
material. Two parallel cultures of the wild type carrying pANG6-
citH and of the wild type carrying the control plasmid pAN6
were grown in CGXII glucose medium with 1 mM IPTG. After
4 h, 50 mM sodium citrate and 5 mM CaCl, were added to one
set, whereas no addition was made to the second set of cul-
tures. Samples were taken during cultivation and analyzed for
0D, pH, substrate consumption, and organic acid produc-
tion (Fig. 3). Before the addition of citrate, all strains showed
the same growth rate. After the addition of citrate, a weak
transient growth defect was observed for the control strain
carrying pAN6 and for the cultures that were not supple-
mented with citrate. This was due to the multiple samplings at
this time point and was not observed in experiments where
only a single sample was taken (data not shown). Strikingly,
citrate addition to the strain overexpressing cirH caused a com-
plete growth stop, which lasted for about 1 h. Thereafter the
culture resumed growth and reached a similar growth rate and
the same final ODy,, as the control cultures. Regarding the pH
profile, glucose consumption, lactate formation, and acetate
formation, the cultures with and without citrate of the strain
carrying pAN6 and the cultures without citrate of the strain
carrying pANG6-citH behaved similarly (Fig. 3). In contrast, the
cultures with citrate of the strain carrving pAN-citH showed
very different behavior. The pH significantly increased after
citrate addition and remained in the alkaline region. Glucose
consumption was significantly retarded, whereas citrate was
rapidly consumed. In the control strain carrying pANb, mea-
surable citrate utilization started after a lag phase of about 1 h,
which presumably was required for the activation of citH and
1etCBA expression by the CitAB two-component system. Lac-
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tate and acetate formation of the citrate-containing cultures of
the strain with pAN6-citH was much lower than that of the
other cultures, presumably due to the reduced glucose con-
sumption. Instead, immediately after citrate addition this
strain started to excrete 2-oxoglutarate (up to 10 mM) and,
later, small concentrations (1.5 mM) of malate. The formation
of 2-oxoglutarate indicates a metabolic bottleneck at the 2-oxo-
glutarate dehydrogenase complex.

To get clues to the mechanism of citrate toxicity, the tran-
scriptomes of the wild type carrying pAN6-citH 20 min after
citrate addition and those before citrate addition were com-
pared (see Table S7 in the supplemental material). In total, 864
genes showed a more than 2-fold altered mRNA ratio. A
similar comparison was done for the control strain carrying
pANSG, and in this case 218 genes had an mRNA level altered
2-fold (see Table S8 in the supplemental material). Despite
these many changes, it was not possible to get obvious hints on
the mechanisms of citrate toxicity. However, the fact that a
sudden rapid uptake of citrate leads to a complete, transient
growth stop supports the assumption that high intracellular
citrate concentrations are harmful to C. glutamicum cells.

DISCUSSION

The results described in this work show that the deletion of
the aconitase gene or of the isocitrate dehydrogenase gene in
C. glutamicum causes selection pressure to lose citrate synthase
activity (Tables 2 and 3). In four of the Aacn and four of the
Aicd mutants, gltd (or its promoter region) was disrupted by
the transposition of 1S elements. The genome of C. glutamicum
ATCC 13032 contains 24 IS elements (27), and so far only two
of them have been analyzed further, ISCgl (62) and I1SCg2
(46). Our results show that ISCgf, 1SCg5, and ISCgl3 are
induced in C. glutamicum under citrate stress conditions.

The strong selection pressure in Aacn and Aicd mutants for
secondary mutations in the glt4 gene was assumed to be due to
a toxic effect of citrate accumulation in the cells. In the food
industry, sodium citrate is used as an antibacterial agent (36),
confirming that this metabolite can inhibit growth when pres-
ent at unphysiologically high concentrations. C. glutamicum
presumably possesses no alternative enzymes or pathways for
citrate catabolism (6) except for aconitase and the TCA cycle.
The mechanism(s) of the assumed toxic effect of elevated citrate
concentrations still is not clear, but it seems to be important for C.
glutamicum to keep the intracellular citrate level below a certain
threshold. This also can explain why the expression of aconitase
and citrate synthase (61) is extensively controlled at the transcrip-
tional level by three or four different regulators and perhaps also
by additional, still unknown mechanisms.

FIG. 3. Influence of citrate addition on growth. pH profile, substrate consumption, and product formation of the C. glutamicum wild type
carrying either pANG-citH (green and blue symbols) or the control plasmid pANG (black and red symbols). After the first preculture in BHI
medium during the day, a second preculture was performed in CGXII minimal medium with 4% (wt/vol) glucose, 25 pg/ml kanamycin, and 100
pM IPTG overnight. The main culture was performed in CGXII minimal medium with 4% (wtjvol) glucose, 25 pg/ml kanamycin, and 1 mM IPTG.
After 4 h of cultivation (0D, ~5). two of the cultures (indicated by the blue and red symbols) were supplemented with 50 mM trisodium citrate
and 5 mM CaCl, (black arrows), whereas the two other cultures did not receive a supplement (green and black symbols). Samples were taken at
the indicated time points and analyzed for ODgy, (A). pH of the supernatant (B), glucose consumption (C), citrate consumption (D), lactate
formation (E), acetate formation (F), 2-oxoglutarate formation (G), and malate formation (H). The data shown are average values and standard

deviations from three independent cultivations.
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Studies on the phenotype of aconitase or isocitrate deletion
mutants have been performed with a number of different or-
ganisms. In the Gram-positive soil bacterium Bacillus subiilis,
the mutation of citB coding for an aconitase leads to glutamate
auxotrophy and to an early sporulation defect (9). Aconitase
deletion strains accumulated up to 2 mM citrate in the culture
supernatant. The supplementation of the growth medium with
a high excess of Mn or Fe ions could partially complement the
sporulation defect, indicating that it partially results from a
restricted availability of these cations due to their chelation by
citrate. A triple mutant lacking citB, citA, and citZ (the latter
two genes code for citrate synthases) had a 100-fold higher
sporulation frequency than the citB single mutant and did not
accumulate citrate. Comparable results were observed for Aicd
mutants of B. subtifis (26, 38).

The Gram-negative bacterium E. coli possesses two genes
coding for aconitases (acnd and acnB). An acnA single dele-
tion mutant did not show a growth defect, probably because
the aconitase activity was taken over by AcnB (21). The growth
of an acnB single mutant was impaired but not abolished in
glucose minimal medium (20). An acnAB mutant did not grow
in glutamate-supplemented glucose minimal medium under
aerobic conditions until it became rapidly overgrown by mu-
tants that also lacked citrate synthase activity (20). In 1976 it
was reported that E. coli strains lacking both icd and glid grew
faster than icd single mutants (35). For an isocitrate dehydro-
genase deletion mutant of E. coli BL21(DE3), it could be
shown that this strain accumulates large amounts of citrate and
isocitrate intracellularly (up to 11.8 and 0.5 mM, respectively) as
well as in the medium (up to 3.5 and 0.4 mM, respectively) (2).

Another organism which was subject to aconitase deletion
studies is Strepromyces coelicolor (63). As in C. glutamicum and
B. subtilis, 8. coelicolor has just one aconitase gene (acoA), and
its deletion leads to glutamate auxotrophy in glucose minimal
medium and to defects in growth, antibiotic biosynthesis, and
aerial hypha formation (63). The mutant secreted citrate (up to
14 mM), acetate (up to 11 mM), and pyruvate (up to 0.45 mM),
causing an acidification of the growth medium to a pH of about
3.5. The growth defect of the acoAd single mutant could be
partially suppressed by an additional mutation of the cit4 gene
coding for citrate synthase. For the nitrogen-fixing bacterium
Sinorhizobium melilot 1021, it was shown that the deletion of
citrate synthase can restore the growth of an aconitase deletion
mutant (32). For Aicd mutants of this bacterium, it was ob-
served that there appeared to be spontaneous mutations in the
gene coding for citrate synthase (39). For the human pathogen
Staphylococcus awreus, an aconitase deletion mutant has been
described (53), but its growth properties in glucose-based min-
imal medium have not been described. In Bradyrhizobium ja-
ponicum, the deletion of acnA4 did not lead to a clear glutamate
auxotrophy, but growth was severely inhibited and could not be
restored by the supplementation of the medium with glutamate
(57). As only a single aconitase gene was found in the B.
Japonicum genome sequence (28), the acnd disruptant may
possess some residual aconitase activity.

The effect of aconitase and isocitrate dehydrogenase dele-
tions on citrate synthase is not restricted to prokaryotes, as a
similar phenomenon also was found in yeast. It was shown that
Aied and Aacol mutants of Saccharomyces cerevisiae share
several growth phenotypes, for example, poor growth on glve-
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erol, an inability to grow with acetate as the sole carbon source,
or a propensity to generate petite segregants, which can be
complemented or at least moderated by the codisruption of
cit] coding for mitochondrial citrate synthase (17, 37, 45).

From this literature survey, it is obvious that several micro-
organisms lacking aconitase or isocitrate dehydrogenase
showed a less severe growth phenotype when citrate synthase
activity was absent simultaneously. This study is the first one,
however, in which secondary mutations in the citrate synthase
gene caused by the deletion of acn or icd were analyzed in detail
and in a set of more than 50 independent mutants. Our results
demonstrate that it is impossible to characterize a definitive Aacn
mutant, because different clones can vary significantly.

An important result was the finding that the inactivation of
citrate syvnthase is not the only solution to cope with the stress
caused by the absence of aconitase or isocitrate dehydroge-
nase, as 12 Aacn and 16 Aicd mutants were found to have intact
citrate synthases.

Further studies, including genome sequence analysis, are re-
quired to understand how these mutants handle the stress situa-
tion.
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