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Amp" Ampicillin resistance

ATCC American Type Culture Collection
BHI(S) Brain Heart Infusion (+ Sorbitol)

CFP cyan fluorescence protein

ssDNA single-stranded DNA

DNase desoxyribonuclease

DTT Dithiothreitol

EMSA electrophoretic mobility shift assay
etal et alii

HTH helix-turn-helix

IPTG Isopropyl-B-D-thiogalactopyranosid
Kan® Kanamycin resistance

MBP Maltose-binding protein

MIAME minimum information about a microarray experiment
MmC mitomycin C

ODggo optical density at 600 nm

PLBR picoliter bioreactor

gPCR guantitative polymerase chain reaction
RBS ribosome binding site

SpecR Spectinomycin resistance

TBE Tris base — boric acid - EDTA

TCS two-comoponent system

TEV Tobacco etch virus

TNI Tris base — NaCl - imidazole

TSS transcriptional start site

v/v volume per volume

WT wild type

w/v weight per volume

eYFP enhanced yellow fluorescent protein
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Summary 1

1 Summary

1.1 Summary Englisch

Genome sequencing has revealed prophages or phage remnants in almost all organisms. However, only a
fraction has been characterized to date. Upon infection of a bacterial host, temperate bacteriophages can
either follow the lytic response, leading to the assembly of new virions, or the dormant, lysogenic response, in
which the phage usually resides integrated into the genome of the host (prophage). In Corynebacterium
glutamicum ATCC 13032, an important industrial amino acid producer, the prophage CGP3 was found to be
spontaneously induced in a subpopulation, even in the absence of a specific trigger. However, nothing was
known with respect to the stimulus triggering CGP3 induction and the regulatory proteins involved in this
process. In this work, CGP3 induction was investigated and a novel prophage-encoded actin-like protein (AlpC)
was characterized regarding its role in the phage life cycle. In an independent part of this work, the function of

the two-component system (TCS) ChrSA in heme homeostasis in C. glutamicum was unraveled.

In the first part of this thesis, it was shown that the induction of the CGP3 prophage is linked to the host SOS
response, as it has been reported for several phages. In the case of the model phage lambda of Escherichia coli,
Cl is the central regulator controlling the stable lysogenic state. In this work, the CGP3-encoded, transcriptional
regulator Cg2040 of the Cro/Cl family was characterized. EMSA studies and transcriptome analysis
demonstrated that Cg2040 binds within the promoter region of cg2040, thereby, repressing its own expression
and the transcription of the adjacent genes cg2033-cg2040, encoding mostly hypothetical proteins. However,
deletion or overexpression of cg2040 showed no significant influence on CGP3 induction. Therefore, it was
proposed that Cg2040 does not represent the central phage repressor of CGP3, but may be involved in the

downstream cascade.

A major focus of this work was the characterization of the novel actin-like protein Cg1890 (AlpC), which was
identified in a phylogenetic study, and is, in fact, encoded by the first open reading frame next to CGP3 attR. A
time-resolved transcriptome analysis revealed alpC among the early phage genes, highly induced upon
prophage induction. In native concentrations, AlpC polymerizes by ATP/GTP hydrolysis into straight filaments
pointing at varying angles to the cell membrane. The co-transcribed gene alpA (cg1891) has been proposed to
code for a putative adaptor protein which couples phage DNA to AlpC filaments. EMSA studies revealed that
AlpA binds in the promoter region of the operon alpAC (designated as alpS). In vivo, AlpA is often (87%)
associated with an AlpC filaments. Thus, a first evidence for interaction of AlpC and AlpA was provided. In
fluorescence microscopy studies using a strain with eYFP-labeled phage DNA, CGP3 DNA was detected at AlpC
filaments or frequently close to the cell membrane. Deletion of alpC or alpA was shown to have a severe
impact on phage DNA replication. Based on these data, a model has been postulated in which AlpC mediates

efficient transport of CGP3 DNA to the cell membrane, where phage replication might take place.

Previous studies suggested a connection between CGP3 activity and iron homeostasis. Therefore, the
function of the TCS ChrSA in heme homeostasis was studied in an independent part of this work. Transcriptome
analysis of mutant strains and EMSA studies revealed the divergently located operon hrtBA, encoding a heme-
detoxifying ABC transporter, as direct target activated by the response regulator ChrA. Consequently, deletion
of chrSA or hrtBA resulted in an increased sensitivity towards heme. Furthermore, these studies revealed that
ChrA autoregulates its own expression and, remarkably, represses the expression of the homologous response
regulator hrrA. Altogether, the presented results provided evidence for a complex interaction of the TCS HrrSA

and ChrSA in heme-dependent gene regulation in C. glutamicum.



2 Summary

1.2 Summary German

Durch Genomsequenzierungen konnten Prophagen und Phageniberreste in fast jedem Organismus
identifiziert werden, jedoch wurde bisher nur ein Bruchteil charakterisiert. Bei der Infektion eines
Bakterienwirts, konnen temperente Bakteriophagen den lytischen Weg, der zur Assemblierung neuer Virionen
fihrt, oder den inaktiven, lysogenen Weg verfolgen, bei dem der Phage meist integriert im Genom des Wirts
(Prophage) verbleibt. In dem wichtigen Aminosdureproduzenten Corynebacterium glutamicum ATCC 13032
wurde der Prophage CGP3 in einer Subpopulation auch ohne einen spezifischen Ausléser spontan induziert
vorgefunden. Uber den Stimulus, der die CGP3 Induktion auslést, und die an diesem Prozess beteiligten,
regulatorischen Proteine war jedoch nichts bekannt. In dieser Arbeit, wurde die CGP3 Induktion untersucht und
ein neues Prophagen-kodiertes Aktin-dhnliches Protein (AlpC) beziglich seiner Funktion im Lebenszyklus des
Phagen charakterisiert. In einem unabhangigen Teil dieser Arbeit wurde die Funktion des Zwei-Komponenten

Systems (ZKS) ChrSA in der Him-Homoostase in C. glutamicum aufgeklart.

Im ersten Teil der Arbeit wurde gezeigt, dass die Induktion des Prophagen CGP3 mit der SOS Antwort verlinkt
ist, wie es bereits flir mehrere Phagen nachgewiesen wurde. Fiir den Phagen Lambda in Escherichia coli ist Cl
der zentrale Regulator, der den stabilen lysogenen Status kontrolliert. In dieser Arbeit wurde der CGP3-
kodierte, transkriptionelle Regulator Cg2040 aus der Cro/Cl Familie charakterisiert. Mittels EMSA Studien und
Transkriptom-Analysen wurde gezeigt, dass Cg2040 in der Promotorregion von cg2040 bindet und dadurch
seine eigene Expression und die Transkription der benachbarten Gene cg2033-cg2040 reprimiert, die
iberwiegend hypothetische Proteine kodieren. Allerdings zeigte die Deletion oder Uberexpression von cg2040
keinen signifikanten Einfluss auf die CGP3 Induktion. Daher wurde angenommen, dass Cg2040 nicht den

zentralen Repressor von CGP3 darstellt, aber in der nachfolgenden Kaskade involviert sein kénnte.

Ein Schwerpunkt dieser Arbeit war die Charakterisierung des neuen Aktin-dhnlichen Proteins Cg1890 (AlpC),
das in einer phylogenetischen Studie identifiziert wurde und durch den ersten offenen Leserahmen hinter CGP3
attR kodiert ist. Eine zeitlich aufgeloste Transkriptomanalyse zeigte, dass alpC zu den friilhen Phagengenen
gehort und nach der Prophagen Induktion stark induziert ist. AlpC polymerisiert in nativer Konzentration durch
ATP/GTP Hydrolyse in gerade Filamente mit unterschiedlicher Ausrichtung zur Zellmembran. Es wurde
vermutet, dass das gemeinsam transkribierte Gen alpA (cg1891) ein putatives Adapterprotein kodiert, das die
Phagen DNA mit den AlpC Filamenten verbindet. Durch EMSA Studien wurde eine Bindung von AlpA in der
Promotorregion des alpAC Operons nachgewiesen (als alpS bezeichnet). AlpA ist in vivo oft (zu 87%) mit einem
AlpC Filament assoziiert, was einen ersten Hinweis auf eine Interaktion zwischen AlpC und AlpA darstellt. Eine
fluoreszenzmikroskopische Studie, bei der ein Stamm mit eYFP markierter Phagen DNA verwendet wurde,
lokalisierte die CGP3 DNA an AlpC Filamenten oder haufig in der Nahe der Zellmembran. Es wurde
nachgewiesen, dass die Deletion von alpC oder alpA einen bedeutenden Einfluss auf die Phagen Replikation
hat. Aufgrund dieser Daten wurde ein Modell aufgestellt, in dem AlpC den effizienten Transport von CGP3 DNA

zur Zellmembran vermittelt, an der die Replikation stattfinden konnte.

Vorherige Studien deuteten auf einen Zusammenhang zwischen CGP3 Aktivitdt und Eisen-Homoostase hin.
Daher wurde die Funktion des ZKS ChrSA in der Hdm-Homdostase in einem unabhangigen Teil dieser Arbeit
untersucht. Durch Transkriptomanalysen von mutierten Stammen und EMSA Studien wurde das divergent
lokalisierte Operon hrtBA, das einen Ham-detoxifizierenden ABC Transporter kodiert, als direktes, durch den
Antwortregulator ChrA aktiviertes Ziel identifiziert. Folglich fiihrte die Deletion von chrSA oder hrtBA zu einer
erhéhten Ham-Sensitivitdt. Des Weiteren zeigten diese Experimente, dass ChrA seine eigene Expression
autoreguliert und auBerdem die Expression des homologen Antwortregulators hrrA reprimiert. Die
dargestellten Ergebnisse weisen insgesamt auf eine komplexe Interaktion der ZKS HrrSA und ChrSA in der Ham-

abhiangigen Genregulation in C. glutamicum hin.



Introduction 3

2 Introduction

2.1 Phages — a paradigm for gene regulation

Viruses that infect bacteria (bacteriophages) represent a substantial and highly diverse majority of
organisms. Due to horizontal gene transfer, phages and their hosts have evolved in close interaction
with each other (Hatfull & Hendrix, 2011). Genome sequencing revealed phages or phage remnants
in @ majority of organisms (Casjens, 2003). In fact, the human genome contains about 8% retroviral
genes (Lander et al., 2001) and some bacterial genomes consist of up to 20% bacteriophage DNA
(Casjens, 2003). The first bacteriophages were discovered by Frederick Twort (1915) and Felix
D'Herelle (1917), who came up with the idea to administer bacteriophages therapeutically (Twort,
1915; D'Herelle, 2007). Nowadays, phage therapy displays a promising alternative to the therapeutic
use of antibiotics (Lu & Koeris, 2011). Two different types of phages can be distinguished: Lytic
phages assemble new phage progeny immediately after infection, which are then spread by cell lysis,
whereas temperate phages can also reside as a prophage in a dormant state (lysogen or lysogenic
response), integrated into the genome of their host or as heritable plasmids in the bacterial cell (Fig.

2.1) (Campbell, 1994).

Infectnon

Qﬁb

lytic lysogenic
P jﬁ rospone Gsponse temperent
E\ prophage
S | PO p;
7/
A —
:,ﬁ %\ ‘gi prophage induction phage
\ Y SOS response curing |

Fig. 2.1 Infection by a temperate bacteriophage. Upon infection the alternatives are integration of the phage
DNA into the host genome (lysogenic response) or replication, virion assembly, and release of mature viruses
(lytic response). Under stressful conditions, the lysogenic state can be switched to the lytic response. Adapted
from (Oppenheim et al., 2005).

A well characterized temperate phage that represents a model for studies of gene regulation is the
phage A of Escherichia coli (Lederberg, 1951). When the temperate phage A infects E. coli cells, phage
A can choose the lytic response, in which the new virions are assembled accompanied by cell lysis, or
the lysogenic response as described above. Each state is very stable (bistable switch) and the decision

between both responses depends on the physiological state of the host (Dodd et al., 2005). In rare
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cases, the lytic or lysogenic response is abortive and phage DNA is lost (phage curing) (Oppenheim et

al., 2005).

2.1.1 Bistable switch between the lysogenic and the lytic state

Upon infection by phage A, its DNA is introduced into the E. coli cell. First of all, early phage genes
N and cro are expressed from the promoters P, and Py, respectively. Cro acts as a weak repressor for
the promoters P, and Pz and thereby supports the initial decision for the lytic pathway. An
antitermination mediated by the protein N results in the expression of delayed early genes for the
initiation of phage DNA replication, and late genes of the lytic pathway (Szambowska et al., 2011,
Hayes et al., 2013; Friedman & Court, 1995). The gene cll is also among the delayed early genes and
encodes a critical regulator of the lysogenic state. Cll activates the expression of c/ from the
promoter Py (Kobiler et al., 2005; Kobiler et al., 2007; Rokney et al., 2008). Furthermore, Cll also
activates the expression of the integrase, int, which is responsible for integration of A DNA into the
host genome at the attachment site. Due to its activating function of lysogenic genes, the level of Cll

is critical for the decision between the lytic state and lysogeny.

The phage repressor Cl is required for stable maintenance of lysogeny (Benson et al., 1988, Kaiser,
1957). ClI can occupy three binding sites inside each operator Oy and O, within the promoters P and
P.. Thereby CI represses the transcription at these two promoters (Hochschild & Lewis, 2009,
Oppenheim et al., 2005). Additionally, CI dynamically regulates its own expression level and ensures
a stable lysogenic state. Interestingly, the regulator Cro recognizes the same three binding sites of
the operators, but with opposing binding affinity (Benson & Youderian, 1989). Both regulators share
a structural homology and belong to the same family of regulators (Pfam PF01381) (Ohlendorf et al.,
1983). The DNA-binding domain is located at the N-terminus of the proteins and the C-terminus is
required for oligomerization. The role of Cro during development of the lytic state is not completely
understood and controversially discussed (Oppenheim et al.,, 2005; Schubert et al., 2007,
Svenningsen et al., 2005). Nevertheless, when Cl sufficiently represses the expression of promoter Py

and P, proteins favoring the lytic way are not produced and the lysogenic state is stable.

2.1.2 Prophage induction upon stressful conditions

Events that change the level of the lambda repressor Cl can induce the prophage and switch the
lysogenic state to lytic development. This switch is often directly or indirectly triggered by the SOS
response, but can also occur in the absence of an external stimulus as spontaneous prophage
induction. Exposure to UV radiation or treatment with antimicrobial agents such as mitomycin C
(Tomasz, 1995) can lead to DNA double-strand breaks or single-stranded DNA (ssDNA). The

appearance of ssDNA or stalled replication forks causes filament formation of RecA at the ssDNA in
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an ATP-dependent process. Activated RecA* catalyzes the autoproteolytic cleavage of the SOS
master regulator LexA as a co-protease (Little, 1984; Little, 1991). In E. coli, LexA is involved in the
repression of several genes encoding DNA repair proteins (e.g. UvrA, UvrB), by binding to an SOS box
located in their respective promoter regions. Among the SOS targets are also genes for the cell cycle
arrest (SulA or DivS) and genes for error-prone polymerases (UmuD, UmuC) (Ogino et al., 2008; Little
& Mount, 1982). Furthermore, RecA itself is involved in DNA repair and homologous recombination
(Little & Mount, 1982). The RecA* mediated autodigestion inactivates LexA and is followed by
derepression of LexA target genes, which in turn initiates the SOS response. By different binding
affinities of LexA to the SOS boxes, a cascade-like response is modulated (Courcelle et al., 2001).
Once the DNA damage is repaired, the SOS response is switched off. The expression of lexA and recA

returns to basal level as the expression of these genes is regulated by LexA.

Upon induction of the SOS response, the phage lambda repressor Cl represents another target of
activated RecA* filaments (Little, 1984; Galkin et al., 2009). CI mimics the cleavage site of LexA, but
the rate of cleavage is much slower than for LexA. Autoproteolytic degradation of Cl leads to a
derepression of the promoters Pz and P, the transcription of lytic genes is activated and the cell

enters the lytic pathway. Once the prophage is induced, the lytic pathway cannot be reversed.

2.2 Phages in Corynebacterium glutamicum

2.2.1 C. glutamicum in biotechnology

The Gram-positive bacterium C. glutamicum was originally isolated during a screen for glutamate-
producing bacteria (Kinoshita et al., 1957). Nowadays, C. glutamicum represents a platform organism
in white biotechnology for production of amino acids, such as L-glutamate (>2 million t/a) and L-
lysine (1.5 million t/a) (Eggeling & Bott, 2005; Burkovski, 2008; Ajinomoto, 2011; Ajinomoto, 2012).
By metabolic engineering, considerable amounts of other products such as organic acids can be
produced (Wieschalka et al., 2013; Bott & Eikmanns, 2013). Furthermore, C. glutamicum serves as a
model organism for the close pathogenic relatives Corynebacterium diphtheriae and Mycobacterium

tuberculosis.

2.2.2 Bacteriophages in corynebacteria

One beneficial feature of C. glutamicum for biotechnological processes is the fact that no phages
have been reported to interfere with biotechnological processes based on strain C. glutamicum ATCC
13032 yet. In several other C. glutamicum strains, temperate phages were isolated after treatment
with UV radiation (Moreau et al., 1995; Patek et al., 1985). Most of the identified phages in
corynebacteria are temperate phages and the phage particles consist of a polyhedral head and a

long, non-contractile tail (Bukovska et al., 2006). The bacteriophage BFK20 is an example for a lytic
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phage which was identified in Brevibacterium flavum (the former designation for C. glutamicum) and
characterized in several studies (Bukovska et al., 2006; Koptides et al., 1992; Halgasova et al., 2012;
Gerova et al., 2011).

2.2.3 Prophage CGP3 of C. glutamicum ATCC 13032

In 2003, the genome of C. glutamicum ATCC 13032 was sequenced and revealed three integrated
prophages (Kalinowski et al., 2003). The two smaller prophages CGP1 (13.5 kbp) and CGP2 (3.9 kbp)
are highly degenerated. The prophage CGP3 (187.3 kbp) is one of the largest known prophages and is
integrated into a cluster of tRNA genes on the left border and encodes a putative phage integrase at
the right border flanked by attachment sites (Fig. 2.2) (Kalinowski, 2005). Typical for phages, only a
few genes share sequence similarity with genes of known functions, such as the putative phage
integrase or a phage primase. The majority of CGP3 genes encode hypothetical proteins (Frunzke et
al., 2008; Kalinowski, 2005). Additionally, the genes encoding a restriction modification system are
located in the genomic region of CGP3 (Schéfer et al., 1997). A recent study of our group revealed,
that CGP3 can excise from the genome and exists as circular phage DNA. The recombination takes
place at the attachment sites flanking the prophage (Frunzke et al., 2008). In a subpopulation of wild
type cells (1-3%), a spontaneous induction of the prophage CGP3 was observed in the absence of any
inducer, which was often accompanied by lysis of the respective cells. Population heterogeneity
caused by prophages is a common phenomenon, however, its trigger and consequences thereof

remain unclear (Smits et al., 2006; Veening et al., 2008; St-Pierre & Endy, 2008).

Fig. 2.2 Model of CGP3

Circular CGP3 integration and induction in
phage DNA C. glutamicum. The prophage

CGP3 is integrated into the
genome of C glutamicum

X ATCC 13032. Upon prophage

I . // C. glutamicum induction the recombination

g atiB ! genome takes place at the flanking

attachment site attR and attL

Integration Induction (sequence is shown below) and

Cluster of phage-type CGP3 is excised from the

tRNA genes integrase genome.  Adapted  from
% CGP3 prophage region / (Frunzke et al., 2008).

attlL  ajpc int2 int2 attR

GCTGETTCGAACCCAGCTAGGACCAC
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2.3 Cytoskeletal Proteins

2.3.1 Occurrence in eukaryotic and prokaryotic cells

The majority of species requires proteins to stabilize their cell membrane, define their cell shape,
and coordinate dynamic movements of cellular components in the cell. In eukaryotic cells, the
proteins actin, tubulin, and intermediate filaments are known as cytoskeletal proteins that
characteristically form dynamic or stable filaments (Graumann, 2007). Actin polymerizes as a helical,
right-handed filament and transports vesicles along the cell. Furthermore, actin filaments also
facilitate cell movement by formation of pseudopods. Tubulin forms protofilaments that assemble
into microtubules. Microtubules mediate the segregation of DNA during cell division, when they are
attached to a centromere by kinetochores (Bloom & Joglekar, 2010). Furthermore, vesicles are
transported along microtubules by motor proteins. The third group of cytoskeletal proteins, namely
intermediate filaments, is involved in strengthening the cellular morphology and in organization and

distribution of cell organelles (Herrmann et al., 2009; Eriksson et al., 2009).

For decades, cytoskeletal proteins were thought to be an exclusive feature of eukaryotic cells.
However, homologs were also identified in prokaryotic cells and here they are involved in a variety of
processes as well. The tubulin-like protein FtsZ promotes formation of a cytokinetic ring (Z-ring) in
the middle of the cell by hydrolyzation of GTP. It is also required for recruiting other cell division
proteins to form a divisome for septum formation (Lutkenhaus et al., 1980; Lutkenhaus et al., 2012;
Huang et al., 2013). FtsZ is highly conserved in bacteria and FtsZ ring formation is controlled by
several proteins, such as FtsA and ZipA, which stabilize the ring, or SulA which inhibits FtsZ
polymerization upon DNA damage. Interestingly, FtsA is a member of the actin family (Szwedziak et

al., 2012).

A well-studied actin-like protein, found in many prokaryotic species, is the membrane-associated
protein MreB, which plays a major role in determining the cell shape and in the localization of
proteins for cell wall synthesis (Jones et al., 2001; van den Ent et al., 2010). Similarities of MreB to
actin are obvious; the crystal structure of MreB revealed conserved domains of two connecting
regions, an adenosine motif and two phosphate regions important for ATP hydrolysis (Jones et al.,
2001; van den Ent et al., 2001). In magnetotactic bacteria, the actin-like protein MamK organizes the
positioning of magnetosomes, which contain magnetite (Fe;04) enclosed by a membranous cover
(Ozyamak et al., 2013). Magnetosomes are aligned in a straight line along the MamK filament and are
required for the cell’s orientation along the magnetic field (Draper et al., 2011). Finally, crescentin
encodes a bacterial intermediate filament-like protein which is essential for cell curvature in

Caulobacter crescentus (Ausmees et al., 2003).



8 Introduction

2.3.2 Chromosome partitioning systems

The segregation of bacterial DNA is mediated by a tripartite partitioning system (Gerdes et al.,
2000). This system comprises two genes organized in a bicistronic operon, a DNA-binding protein
(ParB) and a dynamic cytomotive protein, which can be a Walker A type ATPase (ParA, type 1), an
actin-like ATPase (ParM, type Il), or a tubulin-like GTPase (Tubz, type Ill) (Schumacher, 2008). The
DNA-binding protein ParB binds a centromere-like DNA-binding site (par-site) and interacts with ParA
(Schumacher et al., 2007; Graumann, 2007). The ParA protein forms helical, dynamic filaments and
by interaction of the three components, the replicated chromosomes are segregated to the new cell
poles before cell divison (Gerdes et al., 2010). The timing between replication, segregation, and cell
division is crucial in this process. The ParA homolog Soj in Bacillus subtilis regulates the DNA
replication initiation protein DnaA (Murray & Errington, 2008), while the corresponding ParB protein,
Spo0J, recruits proteins for structural maintenance of chromosomes to the origin of replication
(Sullivan et al., 2009). In addition, the ParA-like protein MipZ in C. crescentus interacts with ParB and
was found to inhibit polymerization of FtsZ, thereby linking segregation and cell division (Thanbichler

& Shapiro, 2006).

2.3.3 Partitioning systems of mobile elements

Besides chromosomally-encoded partitioning systems, mobile genetic elements often encode their
own partitioning systems for maintenance and segregation in similar composition to the
chromosomal segregation system. The plasmid R1 encodes the ParMRC system for plasmid
segregation during cell division (Fig. 2.3) (Salje et al., 2010). ParM, an actin-like protein (type Il
plasmid segregation system), forms left-handed and twisted, double-stranded filaments by
nucleotide hydrolysis of ATP and shows structural similarities to eukaryotic F-actin (Gayathri et al.,
2013). The actin-like polymers are highly dynamic, but can be stabilized by a complex of the parC
DNA-binding site and ParR, an adaptor protein encoded in an operon with parM. ParR dimers
polymerize at ten repeating binding motifs in the parC site located on the plasmid R1. Previously,
models have suggested that the ParR-parC complex stabilizes the ParM filament by binding at both
ends (Salje & Lowe, 2008; Salje et al., 2010). However, a recent study revealed a bipolar spindle of
antiparallel filaments for segregation, in which the ParR-parC complex is only bound to one end of
ParM (Fig. 2.3) (Gayathri et al., 2012). The other end of ParM is able to undergo degradation and by
sliding of two filaments in a bidirectional way, the plasmids are separated and transported to the

new cell poles.

Plasmids with a low copy number usually encode type | plasmid segregation systems with a Walker
A type ATPase, for example the prophage P1, which is not integrated into the host genome, but

remains in the cells as a circular DNA molecule. The ParAB system regulates the accurate distribution
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of the plasmid phage P1 into both new daughter cells (Li & Austin, 2002; Sengupta et al., 2010). In
case of phage $29 in B. subtilis, replication of phage DNA is closely linked to the actin-like protein
MreB (Mufioz-Espin et al., 2009). MreB is required for the replication of phage $29 at the
membrane. The phage protein p16.7 directly interacts with the membrane-associated MreB protein,

thereby stimulating the replication of $29 DNA close to the cell membrane.

ParM-ATP
ParR dimer
ParM-ADP N\ g, bouNd to parC

pointed barbed
end end
ParM filament o

Fig. 2.3 Bidirectional plasmid partitioning system ParMRC of plasmid R1 in E. coli. ParM forms dynamic actin
filaments by hydrolyzation of ATP (ParM-ATP filament state in orange, ParM-ADP in yellow) and is stabilized by
a complex of ParR dimers (green) bound to the parC site (grey). The filaments are elongated when ParR-parC is
bound to ParM and paired with a second ParM-ParR-parC filament in antiparallel orientation. By sliding of the
filaments in a bipolar spindle, the plasmids are separated. Adapted from (Gayathri et al., 2012).

2.3.4 Cytoskeletal proteins in C. glutamicum

In contrast to other rod-shaped bacteria, C. glutamicum lacks the cytoskeletal protein MreB (Letek
et al., 2008a). Instead of lateral growth, peptidoglycan is synthesized at the cell poles in
C. glutamicum (Daniel & Errington, 2003). In cooperation with further cell division proteins, FtsZ
assembles a divisome that is important for septum formation, but not necessarily formed in the
middle of the cell in C. glutamicum (Ramos et al., 2005). The partitioning of the newly synthesized
chromosomes is accomplished by the ParAB system. The Walker A type ATPase ParA forms filaments
and ParB, which is attached to a centromere-like DNA-binding site, segregates the chromosomes into
the daughter cells (Donovan et al., 2010). A further protein PIdP was shown to play a role in division
site selection. Furthermore, DivIVA is required for temporal coordination of divisome formation and

the segregation of the chromosomes (Donovan et al., 2013; Donovan et al., 2012).
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2.4 Heme homeostasis in C. glutamicum

An increased activity of CGP3 was often found in mutants of C. glutamicum that are impaired in
iron or heme homeostasis, e.g. by deletion of DtxR, the master regulator of iron homeostasis
(Frunzke et al., 2008). Iron is an essential trace element in almost all organisms and is an important
cofactor involved in major biological processes. However, iron implies also problems of poor
solubility and toxicity due to its ability to form radical oxygen species (ROS). To meet this challenge,
organisms have evolved sophisticated mechanisms to control the uptake and utilization of iron or
heme. DtxR, the master regulator of iron homeostasis in C. glutamicum, controls about 60 genes
involved in iron acquisition and storage depending on the iron availability (Wennerhold & Bott, 2006;
Brune et al., 2006). Among the target genes of DtxR, we identified hrrA, the response regulator of the
two-component system (TCS) HrrSA. Prototypical TCSs consist of a sensor histidine kinase, which is
usually membrane-associated and senses a specific (external) stimulus, and a cognate response
regulator (Laub & Goulian, 2007; Gao & Stock, 2009). The regulator is activated by phosphorylation
at a conserved aspartate residue and triggers a specific response to the stimulus by regulation of

target genes upon binding to the upstream promoter region of the respective genes or operons.

The TCS HrrSA was shown to play a central role in heme homeostasis in C. glutamicum (Frunzke et
al., 2011). HrrA activates the expression of the heme oxygenase, hmuO, which is required for the
utilization of heme as an alternative iron source, in a heme-dependent manner (Bibb et al., 2007
Schmitt, 1997). The hmuO gene is also repressed by DtxR in its active, iron-bound form. Hence, under
iron limiting conditions, the dissociation of DtxR from the promoter of hrrA enables utilization of
heme as an alternative iron source. When iron is sufficient, the repression of hmuO by DtxR probably
inhibits heme degradation. Besides hmuO, HrrA activates further genes encoding heme-containing
proteins, such as the subunits | (ctaD) and Il (ctaE) of cytochrome aa; and the three subunits of the
cytochrome bc; complex (gcrCAB) of the respiratory chain (Niebisch & Bott, 2001; Niebisch & Bott,
2003). Genes of the heme biosynthetic pathway are repressed by HrrA, such as hemA, a glutamyl
tRNA transferase, hemE, encoding an uroporphyrinogen decarboxylase, and the ferrochelatase gene

hemH.

In C. diphtheriae a second TCS, ChrSA, is involved in the heme homeostasis together with HrrSA.
ChrSA was shown to activate the expression of hmuO and represses hemA expression (Bibb et al.,
2005; Bibb et al., 2007; Burgos & Schmitt, 2012). Additionally, ChrA activates the expression of hrtBA
encoding a heme-detoxifying exporter (Bibb & Schmitt, 2010). In C. glutamicum, a second
uncharacterized TCS, CgtSR8, was identified among the target genes of HrrA, but its function in heme

homeostasis remains unclear.
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2.5 Aims of this work

The first aim of this work was the identification of components belonging to the regulatory
network involved in CGP3 induction. A previous analysis of CGP3 genes had revealed an
uncharacterized regulator of the Cro/Cl family. Hence, the elucidation of a possible role of Cg2040 in
the regulatory cascade controlling the activity of CGP3 was focused. Another aim was to identify the
trigger(s) of CGP3 induction, in which the SOS response represented a prime candidate, and to
determine early and late phage gene clusters involved in this process. A phylogenetic study revealed
the protein Cg1890 (AlpC) of C. glutamicum to be an actin-like protein without mentioning that alpC
is encoded in the prophage region. Therefore, the main focus of this work was the characterization of
the actin-like protein AlpC and its role in the life cycle of CGP3. Initally, it had to be validated whether
AlpC is induced upon prophage induction. Additionally, candidates that mediate the contact of AlpC
and DNA had to be identified. The analysis will provide novel insights into the key question about the
role of AlpC in segregation or replication of CGP3 DNA. A further topic of this work was motivated by
the fact that CGP3 is induced by deletion of dtxR or hrrA; both mutants are impaired in the control of
iron/heme homeostasis. To gain deeper insights into the complex regulatory network of these, the
homologous system, ChrSA (previously CgtSR8), had to be characterized for target genes and the role
in heme homeostasis. These studies are supposed to provide a detailed knowledge on how

C. glutamicum manages the coordination of heme utilization and detoxification.
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3  Results

The major topic of this PhD thesis was the investigation of the life cycle of prophage CGP3 in
C. glutamicum as well as the role of the two-component system ChrSA in the regulation of heme
homeostasis. The results allocated in this research have been summarized in two publications, one

manuscript that was recently submitted, and a note (to be submitted).

In the note “Unveiling regulatory circuits of prophage CGP3 in Corynebacterium glutamicum —
Characterization of the phage-encoded regulator Cg2040”, the Cro/Cl regulator Cg2040 is described
to repress its own transcription and the expression of genes adjacent to cg2040 by binding within the
promoter region of cg2040. The binding site of Cg2040 was identified and confirmed by mutational
analysis. In addition, the influence of Cg2040 on the expression of prophage genes or prophage DNA

replication was determined by transcriptome anaylsis and quantitative PCR.

The characterization of the phage-encoded actin-like protein AlpC (Cg1890) is described in the
manuscript “A prophage-encoded actin-like protein required for efficient viral DNA replication in
bacteria”, which is a joint project of our group in cooperation with Catriona Donovan and Marc
Bramkamp, LMU Munich, and both groups contributed equally to this work: The biochemical
characterization by our cooperation patners shows a nucleotide-dependent polymerization of AlpC
into dynamic filaments. Transcriptome analyses of stressed cells were performed in our laboratory
and the genes alpA and alpC were described to belong to the early response of prophage CGP3, upon
prophage induction, triggered by the SOS response. Furthermore, our part was the characterization
of the AlpA protein (cg1891), which represents a tempting candidate as adaptor protein for the
connection of phage DNA and AlpC filaments. Fluorescence microscopy studies of our group found
AlpA associated with AlpC. We investigate the impact of both proteins on efficient phage replication
by quantitative PCR. In further microscopic studies by Catriona Donovan, CGP3 DNA was detected
along AlpC filaments or close to the cell membrane. Based on these data, we developed a model of

AlpC being required for efficient phage DNA transport to the place where replication occurs.

The development of microfluidic devices is required to allow insights into growth rate, morphology,
or phenotypic heterogeneity in microcolonies over time. The optimization of a microfluidic picoliter
bioreactor for single-cell analysis was performed by microfluidic experts (Alexander Griinberger and
Dietrich Kohlheyer) in our institute. We supported the group by providing different C. glutamicum
strains for cultivation in the microfluidic chambers. The design, production, and cultivation methods
are described in the publication “Microfluidic Picoliter Bioreactor for Microbial Single Cell Analysis:

Fabrication, System Setup and Operation”.



Results 13

The characterization of the two-component system ChrSA and the role of ChrSA in regulation of
heme tolerance are described in the publication “The two-component system ChrSA is crucial for
haem tolerance and interferes with HrrSA in haem-dependent gene regulation in Corynebacterium
glutamicum”. The response regulator ChrA acts as heme-dependent activator of hrtBA coding for a
heme-detoxifying ABC transporter. Besides hrtBA, also the heme oxygenase gene hmuO and hrrA
(encoding a homolog response regulator) were identified as direct target genes of ChrA. The two-
component systems HrrSA and ChrSA share a high similarity and a complex interplay of both systems

in the regulation of heme homeostasis was proposed.
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Summary

Genome sequencing revealed prophage CGP3 in
Corynebacterium glutamicum, but the regulatory network of
this phage remained unclear. Here, we characterize the
transcriptional regulator Cg2040, encoded by CGP3. Deletion
of cg2040 had no influence on prophage gene expression or
phage copy number. In contrast, overexpression of cg2040
resulted in a repression of the genes adjacent to cg2040
(cg2033 to cg2041). Further studies identified a binding site
of Cg2040 close to the transcriptional start site (TSS) of
€g2040, nevertheless, RNA sequencing revealed a complex
regulation of these genes. In conclusion, Cg2040 is the first
identified CGP3 encoded repressor, involved in the
regulatory cascade of CGP3.

Infections by lytic phages in fermentation
processes cause substantial problems, e.g. in
diary fermentation (Jarocki et al., 2013; Madera
et al., 2004). However, the spontaneous
induction of temperate phages, residing as
prophages in the genome of their host
(lysogens), can also have a severe impact in
fermentation processes (Jarocki et al., 2013).
Furthermore, spontaneous prophage induction
was described to promote biofilm formation
(Carrolo et al., 2010; Godeke et al., 2011). The
regulatory cascade controlling the
lytic/lysogenic switch is well characterized for
the example of Escherichia coli phage A.
Intensive studies during the last decades have
established this complex regulatory network as
a paradigm for gene regulation ((Kaiser, 1957)
for reviews see (Campbell, 1994; Dodd et al.,

2005; Oppenheim et al., 2005)). The lysogenic

state is predominantly maintained by the phage
regulator Cl. Cl dimers bind at three binding
sites at the operators O, and Og, cooperatively.
In this way, the expression of Iytic genes is
blocked by transcriptional repression of the
promoters Pr and P.. Important for this step is
the formation of an octameric complex of CI
dimers associated to two operator binding sites
in each operator (Bell et al., 2000; Révet et al.,
1999). Moreover, Cl functions not only as
repressor, but acts also as an activator for its
own transcription by direct interaction with the
o subunit of the RNA polymerase (Dove et al.,
2003; Jain et al, 2004). Under stressful
conditions, the lysogenic response can be
switched to the lytic response. Upon DNA
damage, RecA is activated by the formation of a
complex with single-stranded DNA and ATP and
mediates in its active form (RecA%*)
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Tab. 1 Strains and plasmids used in this study

Strains

Relevant characteristics

Source or Reference

C. glutamicum

Biotin-auxotrophic wild type strain

(Kinoshita et al., 1957)

ATCC 13032

ATCC 13032 In-frame deletion mutant of cg2040 This study

Acg2040

E. coli BL21(DE3) F ompT hsdS(rg mg’) gal dcm A(DE3) (Studier & Moffatt,
(A(DE3): lacl, lacUV5-T7 gene 1, ind1, sam7, nin5 ) 1986)

Plasmids

pK19mobsacB Kan'; vector for allelic exchange in C. glutamicum (pK18 oriVe . sacB (Schéfer et al., 1994)
lacZa)

pK19mobsacB- Kan', pk19mobsacB derivative for in-frame deletion of cg2040 This study

D2040

pPEKEx2 Kan', shuttle vector for regulated gene expression (P, lacl®, pBL1 (Eikmanns et al., 1994)

pEKEx2-cg2040

pET-TEV

pET-TEV-cg2040
pMal-c

pMBP-cg2040

oriVc 4, pPUC18 oriVe,)

Kan', pEKEx2 derivative containing cg2040 with artificial ribosome
binding site under control of the inducible promoter P,

Kan', vector for overproduction of proteins in E. coli, adding a N-
terminal decahistidine tag and a TEV protease cleavage site to the
target protein (pBR322, oriV¢ ., P, lacl)

Kan', pET-TEV derivative for overproduction of cg2040 with N-terminal
decahistidine tag, cleavable by TEV protease

Amp', vector for overproduction of maltose binding protein (MBP)
fusion proteins without signal peptide in E. coli, ( Py, lacl®)

Amp', pMal-c derivative containing cg2040, inserted downstream to
malE (without signal sequence) with an additional TEV cleavage site,
resulting in a MBP-Cg2040 fusion protein, the MBP can be cleaved off

This study

(Bussmann et al., 2010)

This study
New England Biolabs

This study

with TEV protease

the autodigestion of LexA (Little, 1984). This
leads to a derepression of the SOS response,
controlled by LexA. Similarly, activated RecA*
also stimulates the autoproteolytic cleavage of
the lambdoid phage repressors (Galkin et al.,
2009; Little, 1984; Roberts et al., 1978).
Subsequently, the degradation of the phage
repressor Cl leads to prophage induction and
expression of lytic genes. Cl and the regulator
Cro, which are able to repress the transcription
of each other, regulate the bistable switch
between lysogeny and phage induction.
However, contrary results about the role of Cro
in prophage induction were published (Atsumi
& Little, 2006; Schubert et al., 2007;
Svenningsen et al., 2005). Sharing a similar
DNA-binding helix-turn-helix domain (HTH_3,
Pfam PF01381), the regulators Cl and Cro
belong to the same family of transcriptional

regulators. The HTH binding domain with two
relevant a helices is ordinarily located at the N-
while the C-
terminus is important for oligomerization
(Ohlendorf et al., 1983; Pabo & Lewis, 1982).
Further regulators involved in the cascade are

terminus of the repressors,

the activator Cll, stabilized by Clll and required
for the maintenance of lysogeny (for review:
2005)),
terminator proteins N and Q, which favor the

(Oppenheim et al., and the anti-

lytic response (Friedman & Court, 1995).

In several Corynebacterium strains, exposure
to UV
mitomycin C led to the induction and isolation

radiation or the antibiotic agent

of several temperate phages present as
prophages in the genomes of the respective
strains (Koptides et al., 1992; Moreau et al.,

1995; Patek et al., 1985; Sonnen et al., 1990;
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Tab. 2 Transcriptome analysis of Acg2040 in comparison to C. glutamicum wild type”

Gene Gene Annotation Average n p-value
name
cg0230 gltD Glutamine 2-oxoglutarate aminotransferase small SU 0.72 3 0.249
cg1584 argF Ornithine carbamoyltransferase 0.76 3 0.341
cgl1585 argR Arginine repressor 0.75 3 0.321
€g2040 Putative transcriptional regulator 0.00 3 0.001
cg2184 ATPase component of peptide ABC-type transport 0.28 2 0.037
system, contains duplicated ATPase domains
cg3226 Putative L-lactate permease 0.27 3 0.041
cg3227 IldD Quinone-dependent L-lactate dehydrogenase 0.29 3 0.022

1) For transcriptome analysis, Acg2040 and ATCC 13032 wild type were cultivated in a BHI preculture and
transferred to a second preculture with CGXIl minimal medium with 4% glucose. The main culture (CGXIl)
was inoculated from the second preculture to an ODgy 1 and was harvested at an ODgy of 5 in ice-filled
tubes by centrifugation (6900 g, 10 min, and 4 °C). For preparation of RNA see (Mdoker et al., 2004). The
cDNA synthesis, labeling, and hybridization on 70-mer custom-made DNA microarray (Eurofins MWG
Operon) were performed as described before (Frunzke et al., 2008b). The normalized data were saved for
further analysis in our in-house microarray database (Polen & Wendisch, 2004). The table shows the genes
that matched a signal-to-noise ratio of 2 5 and > twofold altered mRNA level in at least two of the three
independent DNA microarray experiments (p-value as indicated). The experiment was repeated in three

biological replicates.

Trautwetter et al., 1987). For the Gram-positive
bacterium Corynebacterium glutamicum ATCC
13032, one of the most important platform
organisms for the industrial production of
1957), no
infectious phages have been described so far.

amino acids (Kinoshita et al.,

However, genome sequencing of this strain
revealed three prophages (Kalinowski et al.,
2003). The prophage CGP1 (13.5 kbp) and CGP2
(3.9 kbp) are probably degenerated. Whereas,
the largest prophage, CGP3 (187.3 kbp),
accounts for 6% of the C. glutamicum DNA and
was shown to excise from the genome and to
exist as a circular phage DNA molecule (Frunzke
et al., 2008a). Spontaneous induction of the
prophage in a small fraction of cells was
observed even under non-stressful conditions
and was often accompanied by lysis of the
respective cell. However, the regulatory
network controlling the lytic/lysogenic switch of
CGP3 has not been studied yet. Hence, our
studies aimed at identifying phage regulatory
proteins involved in the control of CGP3

activity.

A screening of CGP3 genes revealed cg2040,
coding for a putative transcriptional regulator in
the prophage region. The protein Cg2040
contains a helix-turn-helix motif belonging to
the HTH-3/HTH-XRE family (Pfam PF01381,
Smart accession no. SM00530); this family also
includes the phage regulators ClI and Cro.
Overall, the genome of C. glutamicum codes for
11 regulators of the HTH type 3 family,
(CoryneRegNet, (Schréder & Tauch, 2010)).
However, up to now only a few of the members
of this
C. glutamicum, e.g. the regulator CgIR, which is

family were characterized in
involved in controlling proteolysis and DNA
repair genes (Engels et al., 2004; Engels et al.,
2005). No other putative regulators of the
HTH_3 type were identified to be encoded in
the prophage region, revealing cg2040 as a
prime candidate for a central phage regulator.

To characterize the function of the putative
transcriptional regulator, an in-frame deletion
mutant of c¢g2040 was constructed (Tab. 1 &
Tab S1). To investigate the effect of Cg2040 on
global gene expression, the transcriptome of
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Acg2040 was compared to the wild type (Tab.
2). When the cells were grown under standard
conditions (CGXIl medium with 4% glucose), no
alteration in the mRNA level of prophage genes
the Acg2040 mutant.
Interestingly, the expression of argR, encoding

was observed in
the arginine regulator ArgR, was slightly
reduced, as well as the target genes of ArgR,
argF and gltD (Lee et al., 2010a; Lee et al.,
2010b). ArgR was proposed to influence the
maintenance of phage Pl in E. coli (Paul &
Summers, 2004), although further studies could
not detect binding of ArgR at the JoxP site of P1
(MacDonald et al., 2008). A role of
C. glutamicum ArgR on phage gene expression
or the copy number of CGP3 has not been
described, yet. The other genes with altered
mMRNA (cg2184, cg3226, and IldD,
encoding an L-lactate dehydrogenase) were

levels

often detected in transcriptome analysis under
varying conditions and, thus, are most likely not
a specific response to the deletion of cg2040
(unpublished data).

As the transcriptome analysis of Acg2040
showed no effect on CGP3 genes, we tested the
impact of ¢g2040 overexpression on the
expression of prophage genes. For this purpose,
we performed a transcriptome analysis of the
ATCC 13032/ pEKEx2-cg2040 in
comparison to the wild type containing the

strain

empty vector pEKEx2. Transcriptome analysis
revealed a high expression level of cg2040 upon
induction by ITPG (Tab. S2). In the CGP3 region,
the genes cg2033, cg2036, and cg2039 adjacent
to the gene cg2040 showed a reduced mRNA
level. The transcription of cg2038 was also
reduced, but was only detected with a signal to
noise ratio of 23. A motif search (SMART EMBL)
revealed the presence of N-terminal signal
peptides in cg2033 and cg2036. The other
proteins were annotated as hypothetical
proteins and showed only low sequence

homologies (below 30%) to other proteins from

C. diphtheriae and C. bovis. Furthermore, the
prophage genes cg2004 and ¢gl935 were
negatively influenced by overexpression of
€g2040. Cg2004 was annotated to be similar to
the protein 232 of the temperate prophage gle
of Lactobacillus, but the function of protein 232
is unknown (Kodaira et al., 1997). Cgl1935
encodes the gluconate responsive repressor
gntR2 (Frunzke et al.,, 2008b). However, an
effect on the regulon of GntR2 was not
observed. In fact, previous studies of our
institute indicated that the deletion of gntR2 is
complemented due to the presence of the
equivalent regulator GntR1 (Frunzke et al.,
2008b). Overall, more than fifty genes were
altered in the transcriptome analysis and the
majority of them were reduced in gene
expression. A highly increased mRNA level was
observed for cg1180 and the adjacent genes
cg1179 and cgl1181 (signal-to-noise ratio >3).
This high induction is probably due to activity of
transposases bordering the genes. Another
group of genes with increased mRNA levels,
cgl292 to cgl294, are postulated as being
under control of the oxidative stress regulator
OxyR (CoryneRegNet (www.coryneregnet.de)).
Remarkably, a role of OxyR in the maintenance
of A was described, as the oxygen sensitive
regulator OxyR is able to bind at the CI
controlled promoter Py, (Glinkowska et al.,
2010). Thereby OxyR influences the binding of
Cl to the three operator binding sites and
stimulates the maintenance in the lysogenic
state.

To identify direct target genes of Cg2040, we
performed electrophoretic mobility shift assays
with purified Cg2040 fused to a maltose-binding
protein (MBP). This large tag was chosen in
order to enhance the solubility of the protein,
which ended up in inclusion bodies when
produced in a His-tagged version. In EMSA
studies, we tested the upstream region (500bp)

of the genes ¢g2033, ¢g2036, ¢g2038,
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Fig. 1 Identification of binding sites by electrophoretic mobility shift assays with purified MBP-Cg2040.

el A e

(A) Genomic organization of the genes cg2033 to cg2042, adopted from CoryneRegNet (Baumbach et al., 2009;
Pauling et al., 2012). Below the mRNA ratios from the transcriptome analysis of the overexpression of cg2040
(signal-to-noise ratio = 3 and ratio of medians > 0) are given. Promoters (P) in this genomic region are indicated
as arrows and have been identified by RNA sequencing. Larger arrows present the main promoters for
transcription of more than one gene; internal promoters are indicated as smaller arrows. Color code indicates
the operon structure of this locus (B) The putative target DNA, covering the upstream region of the genes
cg2033, cg2036, cg2038, cg2039, cg2040 and cg2041 (500bp, 450bp upstream and 50bp downstream of the
corresponding TSS), were amplified by PCR. For EMSA 100 ng of DNA were incubated with different amounts of
MBP-Cg2040 for 20 minutes before loading onto a 10% non-denaturing polyacrylamide gel. The EMSA was
performed as described previously (Heyer et al., 2012). For overproduction of Cg2040 E. coli BL21 (DE3) was
transformed with plasmid pMBP-cg2040 and grown in LB medium to an ODgy of 0.6 to 0.8, before the
expression of ¢g2040 was induced with 0.5 mM IPTG for 4 h. The purification of MBP-Cg2040 by an amylose
affinity chromatography was performed as described in (Frunzke et al., 2011). The buffer was exchange to
bandshift buffer (20 mM Tris/HCI, pH 7.5, 50 mM KCI, 10 mM MgCl,, 5% (v/v) glycerol, 0.5 mM EDTA, 0.005%
(w/v) Triton X-100) by using a PD10 desalting column (GE Healthcare).

€g2040, and cg2041 for binding of Cg2040 (Fig.
1). Binding of Cg2040 was only observed for the
upstream region of cg2040 (Fig. 1B). For a proof
of principle experiment, the maltose-binding
protein of MBP-Cg2040 was cleaved by using
TEV-protease (Bussmann et al., 2010). An EMSA
of Cg2040 without MBP protein demonstrated
that the shift is specific to Cg2040 and is not
influenced by the MBP-tag (data not shown).

In further experiments, the binding site of
Cg2040 was narrowed down to position -22 to
+8 (relative to the transcriptional start site, TSS)
DNA fragments and

by testing smaller

oligonucleotides covering the respective region
(Fig. 2A and 2B). A motif prediction tool (MEME
suite (meme.ncbr.net) predicted two putative
palindromic repeats within the 30 bp binding
region. For this reason, the nucleotides relevant
for binding of Cg2040 were identified by testing
oligonucleotides with an exchange of three
nucleotides to the complementary ones (Fig. 3).
Based on the mutational analysis and motif
prediction, the imperfect direct repeat
AGGATATAAGGTAA was deduced for Cg2040. A
comparison with the consensus binding motif of
Cl for the operator sites O, and O,
TATCACCGGCGGTGATA, showed no significant
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Fig. 2 Search for the Cg2040 binding region. (A) Tested subfragments. The positions are given relative to the
TSS of cg2040, which was identified in this work by RNA sequencing (indicated as arrow +1). Binding of Cg2040
to the DNA fragment is indicated with +, fragments that were not shifted are indicated with -. (B) EMSA with
the corresponding subfragments shown in A. The subfragments (30 bp) were obtained by hybridization of two

complementary oligonucleotides at 95 °C for 5 min, followed by incubating on ice. As described in Fig. 1, 100 ng

DNA were incubated with different amounts of Cg2040 (0, 10, or 30 molar excess) and subsequently separated
on a non-denaturing 15% polyacrylamide gel, as describe previously (Heyer et al., 2012).

similarities to the 17 bp asymmetric and
palindromic motif (Benson et al., 1988).

The described transcriptome studies revealed
that Cg2040 acts as a repressor for its own gene
(negative feedback) and as a
repressor of the operons ¢g2033-cg2034,
€g2035-cg2036 and cg2037-cg2040 adjacent to
cg2040. The single binding site of Cg2040
suggested an organization of the genes in an

expression

operon. Determination of the promoter
localization by RNA sequencing revealed a
complex regulatory structure of this genomic
region (personal communication J. Kalinowski).
The promoter of the genes cg2037 to cg2041 is
probably located upstream of cg2042, but
additional promoters were found upstream of
the genes cg2037, ¢g2040, and cg2041. An
overview of the operon structure and location
of promoters is given in Fig. 1A. The gene
€g2040 is a leaderless transcript and the current
annotation of the TSS is most likely wrong, as
the transcript revealed by RNA sequencing

starts 24 bp downstream of the initial TSS.

According to these results, the binding motif of
Cg2040 is located at position -12 bp upstream
of the TSS that was identified in this work. The
localization of the identified binding site is in
agreement with the proposed repressor
function of Cg2040. At this position, Cg2040
most likely interferes with the binding of the
RNA polymerase (Madan Babu & Teichmann,
2003).

Based on the fact, that we did not observe
any effect on the CGP3 transcriptome in the
Acg2040 mutant, we assumed that Cg2040
might not be active under the tested
conditions. In C. glutamicum, the transcription
of a majority of prophage genes was highly
increased when the SOS response was induced
(Donovan et al., 2013; Jochmann et al., 2009).
To investigate the impact of Cg2040 under
stressful conditions, we determined the amount
of circular phage DNA at several time points in
Acg2040 and the wild type after induction of
the SOS response by treatment with mitomycin

C. By quantitative PCR, the amount of circular
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Fig. 3 Mutational analysis of the Cg2040 binding
site. To identify relevant base pairs for binding of
Cg2040, the oligonucleotide (30 bp) that was shifted
by Cg2040 was mutated by an exchange of three
nucleotides to the complementary bases, as
indicated. The mutated fragments were analyzed by
EMSA studies by hybridized
oligonucleotides with different molar excesses of
Cg2040 (0, 5, and 10-fold), as described in Fig. 1B
and Fig. 2B. Fragments bound by Cg2040 are

incubating the

indicated as +, reduced binding affinity is indicated
as (+), and a loss of binding is marked with -. The
predicted (MEME suite
(meme.ncbr.net/meme)) are marked in blue (motif

motifs

1) and in green (motif 2), the background for
relevant nucleotides is colored in grey and the
identified motif is highlighted in the red box.

phage DNA was determined and a ratio of
stressed versus unstressed cells was calculated.
For a description of the experimental procedure
see (Donovan et al., 2013). In the wild type, the
amount of circular phage DNA increased about
12-fold six hours after induction of the SOS
response (Tab. 3). In Acg2040, no significant
difference to the wild type situation was
observed. In conclusion, Cg2040 seems to have
a minor impact on the phage copy number
under the tested

upon phage induction

conditions.

Early studies demonstrated that mutations in
the region of Cl led to a strong decrease in the
formation of lysogenic cells (Kaiser, 1957). In
further studies different levels of ClI were

analyzed with a temperature sensitive version
of Cl, where a decreased Cl level subsequently
led to the expression of lytic genes and cell lysis
(Svenningsen et al., 2005). In contrast, Acg2040
showed no growth inhibition (data not shown).
Altogether, our studies suggested that cg2040
might not act as a central phage repressor, but
most likely acts further downstream in the
cascade controlling prophage induction.
Additionally, it has to be considered that
Cg2040 might be regulated by further (phage-
encoded) regulators. However, a mechanism of
prophage induction differing from the A model
(based on Cl-like phage repressor) has to be
taken into account when studying the large
prophage CGP3.

Tab.3 Amount of circular CGP3 DNA in wild type
and Acg2040 upon induction of the SOS
response.

Amount circular CGP3 DNAY

Time point Wild type Acg2040
Oh 1.0+0.1 0.8+0.1
1lh 1.0+0.1 1.0+0.1
3h 2.6+0.3 2.6+0.5
6h 116+£1.3 9.4+33
9h 10.5+2.6 7.6+2.1
24 h 5.0+0.8 49+1.4

1) To measure the amount of circular phage DNA,
the cells were cultivated in a CGXIl preculture.
The main culture (50 ml) was inoculated to an
ODggo 1. At an ODgyq of 3, the SOS response was
induced by addition of the antibiotic agent
mitomycin C (0.6 uM). 3 to 5 ml of the culture
were harvested at several time points (0 to 24 h
after addition of mitomycin C) and genomic DNA
was extracted from the samples (Eikmanns et al.,
1994). The determination of circular CGP3 DNA
was performed as described recently (Donovan
et al., 2013; Frunzke et al., 2008a). For each time
point, the amount of CGP3 DNA in cells with
mitomycin C was normalized to the amount of
circular CGP3 DNA in non-induced cells of the
same strain.
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The induction of CGP3 by mitomycin C hints

to an SOS-response-dependent induction
mechanism and some CGP3 genes are, in fact,
under direct control of LexA (Jochmann et al.,
2009). It was described that LexA regulates the
expression of phage genes for the phage CTX of
Vibrio cholerae in addition to the phage
repressor (Kimsey & Waldor, 2009; Nickels,
2009; Quinones et al., 2005). Thus, Cg2040
surely represents one part in a complex
regulatory cascade controlling CGP3 activity,
however, the key regulator maintaining the

lysogenic state remains unknown.
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Abstract

Active transport of DNA in bacteria is catalyzed by
cytomotive structures. Mediators of subcellular
plasmid positioning are Walker-type ATPases (ParA),
actin-like proteins, or tubulin homologs. These
motor proteins are coupled to the DNA via adaptor
proteins that recognize specific DNA motifs. Here,
we describe that a temperate phage, CGP3,
integrated as a prophage into the genome of
Corynebacterium glutamicum ATCC 13032 encodes
an actin-like protein,  AlpC. Biochemical
characterization confirms that AlpC is a bona fide
actin-like protein and cell biological analysis shows
that AlpC forms dynamic filamentous structures
upon prophage induction. The co-transcribed AlpA
protein binds to a specific region upstream of the
alpAC operon, possibly functioning as an adaptor
protein that connects circular phage DNA to the tips
of the AlpC filaments. Fluorescence microscopy
studies suggested that AlpC filaments are likely
involved in the transport of circular phage DNA.
Furthermore, quantification of circular phage DNA in
mutant strains revealed that both AlpA and AlpC are
required for efficient phage replication. This is
remarkably similar to actin-assisted membrane
localization of eukaryotic viruses that use the actin
cytoskeleton to concentrate virus particles at the
egress sites.

Introduction

Segregation of genetic material is mediated by
cytoskeletal elements in eu- and prokaryotes [1, 2].
During mitotic segregation, eukaryotic
chromosomes are moved by microtubules that
attach to the centromere [1, 3]. In bacterial cells,
mechanistically similar DNA segregation processes
have been described in recent years [2, 4-11]. Best
understood is the segregation of plasmid DNA via a
genetic

organization of par loci is similar for both

tripartite  partitioning  system.  The
chromosome and plasmid encoded systems. In
general, the par locus entails two trans-acting

proteins encoded in an operon (parA and parB,
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respectively) and cis-acting “centromere-like”
elements. The centromere-binding protein (ParB)
binds the centromere-like element (parS) forming a
nucleoprotein complex [12-14]. The segrosomes are
recognized and subsequently segregated by the
action of dynamic cytomotive filaments, which,
depending on the plasmid partitioning system, is
either a Walker-A P loop ATPase (ParA, Type 1), an
actin-like ATPase (ParM, Type Il) or a tubulin-like
GTPase (TubZ, Type Ill) [9, 10, 15-17]. An active
parABS partitioning system is present in the low
copy plasmid P1 prophage from E. coli, thereby
allowing its extremely efficient maintenance, despite
often being present in as few as two copies prior to
division [18-20]. Thus, apparently, similar to the
eukaryotic chromosome segregation apparatus, a
mitotic-like apparatus exists in bacteria.

Actin-like proteins such as ParM have not only
been implicated in bacterial plasmid segregation,
but play a major role in cell growth and shape
determination. MreB is the archetype of the
bacterial cytoskeletal proteins [21-23]. Solution of
the MreB structure revealed its structural homology
to actin [24]. The contemporaneous description of
MreB filaments in bacterial cells [25] has changed
our view on subcellular organization in bacteria.
MreB and its homologs are now known to be
involved in the positioning of cell wall synthesizing
[25-28].
challenge the idea that MreB forms continuous

complexes However, recent reports
helical filaments similar to F-actin [27, 28]. It seems
that MreB forms rather short dynamic filaments or
patches that depend on the progressive force
generated by the cell wall synthesizing proteins, e.g.
the PBPs. Active participation of MreB in DNA
segregation, in analogy to ParM, has also been
suggested [29, 30], but is highly controversial [21].
However, MreB is involved in viral replication.
Replication of the B. subtilis phage ¢29 depends on
the presence of all three MreB isoforms (MreB, Mbl,
and MrebH) [31-33]. MreB apparently interacts with
pl6.7,

suggesting that phage replication may occur at the

a phage-encoded membrane protein
membrane. As in eukaryotes, viral replication in
prokaryotes appears to occur at specific intracellular
locations, likely at the cell membrane [34]. The
existence of an active segregation system in the
E. coli P1 prophage suggested that phages in general
may have segregation mechanisms based on
cytomotive elements. It remains to be determined if

these phage segregation systems are necessary to
transport phage DNA to the subcellular address
where efficient replication occurs.

Prophages or temperate phages are found in
almost all bacterial cells including the industrially
relevant Corynebacterium glutamicum ATCC 13032.
C. glutamicum harbors three prophages, CGP1-3, of
which only CGP3 has been shown to replicate extra-
chromosomally in a circularized form [35]. CGP3
encompasses with 187 kbp almost 6% of the entire
C. glutamicum genome and belongs to the largest
phages with known sequence [36]. Here, we
describe that the first open reading frame in the
CGP3 prophage-encodes an actin-like protein, AlpC
and adjacent a phage DNA-binding protein, AlpA.
Biochemical characterization reveals that AlpC has
actin-like properties and our cell biological data
show that AlpC and AlpA are necessary for efficient
phage replication. Furthermore, using allelic
replacement with fluorescently labeled AlpC and
AlpA, we show that phage DNA molecules are bound
by AlpA and transported to the membrane by the
AlpC actin-like filament. The data fit best with a
model where the phage is transported to the cell
membrane where replication occurs. Thus, our
model suggests that bacterial phages use an actin
based transport system, analogous to vertebrate

viruses such as the herpes virus [37, 38].

Results

A prophage-encoded cytoskeleton protein

In previous work our labs have shown that the
C. glutamicum ATCC 13032 prophage CGP3 is able to
excise from the chromosome and replicate
autonomously [35]. The prophage insertion site is
marked by a 26-bp flanking direct repeat, marking
the core element of the attachment sites attL and
attR. We noticed that the first open reading frame,
cg1890, in the prophage shares weak sequence
similarity with bacterial actins (Fig. 1). Recently, a
phylogenetic analysis also identified cg1890 as a
homolog of bacterial actin-like genes, not
mentioning that it is in fact within a prophage region
[39]. Alignment with other actin-like proteins reveals
that the protein Cg1890 shares the actin signature
motifs (Fig. 1B).
nomenclature suggested by the Pogliano lab [39],
we renamed Cg1890 to AlpC (designated AlpC, for

Actin-Like Protein Corynebacterium).

Hence, consistent with the
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Fig. 1. Genetic organization and phylogenetic analysis of AlpC. (A) Genetic organization of alpC and close homologs
(yellow). (B) Alignment of the phosphate 1, connect 1 and phosphate 2 regions [64]. Shown are the residues of
C. glutamicum ATCC 13032 AlpC, B. subtilis MreB, E. coli ParM, and human alpha Actin. Highlighted residues correspond to
alpha Actin D13 and G15 (red), Q139 (blue), and D156 and G158 (red). (C) Phylogenetic tree visualizing the relationship of
AlpC homologs to bacterial actin-like proteins and human alpha actin. Amino acid sequences were aligned using the
neighbor-joining method (ClustalW): AlpC Cg, C. glutamicum ATCC 13032 (gi|62390556), KTR9_4800 G_sp, Gordonia sp.
KTR9 (gi|301321491), LSL_1868 Ls, Lactobacillus salivarius UCC118 (gi|90962843), LBLM1_03960 Lm, Lactobacillus
mucosae LM1 (gi|377831150), pGS18_ORF52 Gs, Geobacillus stearothermophilus (gi|169636508), GTNG_3469 Gt,
Geobacillus thermodenitrificans NG80-2 (gi| 138898362), BpOF4_21879 Bp, Bacillus pseudofirmus OF4 (gi| 288557196), Cp,
Clostridium perfringens D str. JGS1721 (gi|182624909), ParM Kp, Klebsiella pneumonia (gi|146150982), ParM Ec, E. coli
(gi|385721336), MreB Bs, B. subtilis (gi|255767642), MreB Sc, Streptomyces coelicolor (gi|21221069), MreB Ec, E. coli

(gi|377940072), alpha actin, Homo sapiens (gi| 178029).

A phylogenetic analysis revealed that among actin-
like proteins AlpC and homolog proteins are more
closely related to plasmid partitioning system than
to MreB-type cytoskeletal proteins (Fig. 1C). Protein
homologs of C. glutamicum AlpC were found to be,
in most cases, plasmid-encoded and were identified
via Blast in a variety of Gram-positive bacteria such
as Lactobacillus and Bacillus species as well as the
pathogen Clostridium perfringes (Fig. 1C). Although
they share considerably low sequence identity
(mostly below 30%), the typical actin signature motif
is conserved in these proteins (Fig. 1B). However,
based on sequence analysis, it is not clear if AlpC
shares similar properties to other actin homologs
and related proteins, such as in vivo filament
assembly and dynamics or nucleotide hydrolysis. A
recent phylogenetic approach resulted in the
identification of a large number of actin-like
proteins, but only plasmid-encoded variants were
studied in further detail [39]. Therefore, we set out
to investigate the biochemical properties of AlpC
and its cellular function.

AlpC hydrolyzes both ATP and GTP

For in vitro characterization of the C. glutamicum
actin-like protein, both the wild type AlpC and
AIpCD301A
the phosphate 2 motif,

, which lacks the conserved aspartic acid of
were heterologously

expressed and purified (see material and methods).
Both proteins elute from the size exclusion column
as mono-dispersed species in solution (not shown).
However, at high concentrations, purified AIpCD301A
had a tendency to aggregate, forming thick gel-like
slurry (not shown).

In a nucleotide hydrolysis assay, the activity of 1
UM  of AIpC was measured with increasing
concentrations of ATP or GTP (Fig. 2A). Similar to
other characterized actin-like proteins, AlpC can
hydrolyze both ATP and GTP, and exhibits Michaelis-
Menten kinetics. In the presence of ATP, the
maximum turnover rate is reached at slightly lower
substrate concentrations compared to GTP. In the
presence of GTP AlpC has a V., of 4.3 mM min™,
compared to 3.75 mM min™ for ATP (Fig. 2A). The
measured K., is relatively low and does not differ
significantly between ATP and GTP, 0.2 mM and 0.43
mM, respectively. However, in vivo ATP is much
more abundant than GTP, and thus, ATP is probably
the favored substrate. In comparison, nucleotide

D301A

hydrolysis is abolished in the AlpC mutant (Fig.

2A).

AlpC polymerization is nucleotide-dependent,
in vitro

To determine if AlpC requires nucleotides for
polymerization, the purified protein was subjected
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Fig. 2. AlpC hydrolyses ATP and GTP, in vitro.
(A) Shown is the turnover rate of 1 uM of
protein with increasing concentration of ATP
and GTP. These plots are fitted for Michaelis-
Menten kinetics. Mutation of the the
conserved aspartic acid of the phosphate 2
motif of AlpC abrogates nucleotide hydrolysis.
Shown are the averages of three independent
X measurements. (B) Nucleotide dependent
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to sedimentation assays (Fig. 2B). In the absence of
nucleotides, purified AlpC did not sediment, thus,
be AlpC
polymerization was found to be dependent on the

protein aggregation can ruled out.
presence of nucleotide (ATP or GTP) and Mg2+. As a
control, EDTA was additionally added to the reaction
mixture, which abolished assembly of AlpC into
filaments that sediment. However, contrasting to
P31 did not exhibit a

nucleotide-dependent polymerization behavior.

the wild type protein, AlpC

AlpC assembles into filaments, in vivo

One of the defining properties of actin and related
cytoskeleton proteins is the ability to polymerize
into filamentous structures in vivo. To determine if
the novel C. glutamicum actin-like protein shares
this characteristic, the subcellular behavior of AlpC
was analyzed. Consequently, alpC-cfp, encoding a
fusion protein of AlpC and CFP, was extra-
chromosomally expressed from a pEKEx2 plasmid.
Expression of alpC-cfp was induced with 0.5 mM
IPTG and cells were gown in LB medium. In the vast
870), AlpC-CFP
and curved

majority of cells (97.2%, n =

assembled into numerous long
filaments, often extending from one pole to the
other (Fig. 3A). However, some cells contained
either a combination of filaments and foci or only
discrete foci. To gain more insight into the
distribution of the AlpC-CFP filaments within the cell,
Z-stacks were carried out. As shown in figure 3B (and

Movie S1), a number of long, curved filaments

+

GTP

+
+
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polymerization of AlpC. Polymerization of 2 uM
AlpC or AlpCD301A was assayed in the
presence of 2 mM nucleotide (ATP or GTP),
2mM Mg” or 4 mM EDTA, as indicated, by
means of sedimentation assays and
quantitative Western blot. All values are
normalized against the protein only
fluorescence. Polymerization of AlpC s
dependent on the presence of nucleotide and
Mg2+. The hydrolytic inactive mutant does not
exhibit nucleotide dependent polymerization. A
montage of the immunoblotted samples is
shown in the lower part of the figure. S -
supernatant, P - pellet. Shown are the averages
of three independent experiments.

a0

+ ATPIGTP
+  Mg*
+ EDTA

extending the length of the cell were observed,
some filaments appearing to elongate along the cell

membrane. Thus, similar to actin and related

cytoskeleton proteins AlpC can readily polymerize

forming filamentous structures in vivo.

D301A

The catalytically inactive mutant AlpC also

assembled into filaments in vivo when

overexpressed (Fig. 3A). However, the frequency of
filament formation was significantly reduced (1.6%,
750) and the morphology of the AIpCD301A
filaments was different from the wild type protein.

n

Filaments were often at the membrane and some
cells contained, what appeared to be, large

aggregates often found near the cell pole (Fig. 3A).

AlpC filament dynamics

In vivo, filaments assembled from ParM subunits
are extremely dynamic, undergoing bursts of rapid
growth and catastrophic decay [40]. Although such
instability is not a distinguishing feature of actin and
actin-like proteins, filament dynamics is essential for
protein function. To ascertain if C. glutamicum AlpC
is also dynamic, time lapse analysis was carried out.
Images were acquired every 5 seconds over a period
of 1 minute. It should be noted that due to bleaching
effects an AlpC-CFP overexpression strain was used
for the analysis. The time lapse analysis revealed
that AlpC filaments are indeed dynamic (Fig. 3C and
Movie S2). While some filaments appear to move
along the membrane, other filaments curl into the
cytoplasm.
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Fig.3. AlpC assembles into filaments in C. glutamicum. (A) AlpC-CFP assembles into long, curved filaments when
overexpressed in C. glutamicum. Mutation of the conserved aspartic acid of the phosphate 2 motif of AlpC reduces filament
assembly (lower panel). (B) Z-stack analysis of the subcellular distribution of AlpC-CFP filaments shows that cells contain
numerous filaments of various orientation, curvature and length (Movie S1). (C) AlpC-CFP filaments are dynamic. Images
were acquired at 5 second intervals (top left) for 1 minute (Movie S2). The red line denotes the position in the cell used to

generate the kymograph (right). (D) AIpCD301A

-CFP filaments are static. Images were acquired at 5 second intervals (top left)

for 100 seconds (Movie S3). As in (C), a kymograph is shown on the right. Scale bar, 2 um.

In vivo, filament assembly of the catalytically

D3’0“\) is not completely

inactive mutant (AlpC
abolished, however the frequency of filament
formation is greatly reduced (Fig. 3A). Time lapse

D301A .
filaments are

analysis revealed that the AlpC
more stable and, hence less dynamic than wild type
AlpC filaments (Fig. 3D, movie S3). This result would
suggest that nucleotide hydrolysis is required for

filament depolymerization or filament dynamics.

Filament assembly of AlpC at physiological
concentration

In order to study the behavior of AlpC at
physiological concentration, the native alpC locus
was replaced with an ecfp-alpC allele. The resulting
strain has an N-terminal eCFP translational fusion to
AlpC that is expressed from the native promoter.
This strain exhibited medium-dependent expression
and organization into filaments and foci. Under
conditions of prophage induction eCFP-AlpC readily
assembled into filaments (Fig. 6A). AlpC filaments or
foci were observed in the vast majority of cells. The
filaments were varying in length, straight and mostly
found pointing to the cell membrane at different
angles. These results suggest that AlpC expression
and filament formation occurs in response to
induction of the CGP3 prophage.

Identification of an AlpC adaptor protein

The actin-like proteins studied to date are encoded
on plasmids and are often co-transcribed with an
adaptor protein, which connects the actin filament
with the plasmid DNA. In many cases, the adaptor
protein stimulates or stabilizes the actin filaments
[15, 41-43]. Keeping with this line of thought, the
behavior of AlpC was analyzed in a heterologous
host. When produced in E. coli, AlpC-CFP was
diffused in the cytoplasm, sometimes only forming
irregularly sized foci (data not shown). The inability
of AlpC to organize into filaments in a heterologous
host suggests that filament assembly is not solely
dependent on the intracellular concentration of
AlpC-CFP. Thus, additional elements are required for
production of AlpC-CFP filaments, most probably a
factor found on the C. glutamicum CGP3 prophage.

AlpC is encoded in a putative operon together with
Cg1891, a protein of unknown function (Fig. 1 A).
We postulated that Cg1891 could be an adaptor that
couples phage DNA to AlpC. To test whether Cg1891
binds to specific DNA regions, purified His;,-Cg1891
protein was analyzed by electrophoretic mobility
shift assays (EMSA). Previous studies of actin-like
systems revealed that the binding region of these
systems is often in close proximity of the respective
tested DNA

operon [5]. Hence, we
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Fig. 4. Characterization of the putative adaptor protein AlpA (A) Genomic localization of the AlpA binding region. The DNA
fragment tested for AlpA-binding is located upstream of alpA; 110 bp downstream of the transcriptional start site of alpA.

(B) EMSA studies of AlpA with potential DNA target regions

. For DNA-protein interaction studies, DNA fragments (500 bp) of

the up- and downstream region of the putative operon alpA-alpC were incubated with different molar ratios of AlpA. The
promoter region of cg2036 served as control. (C) Co-visualization studies of eCFP-AlpC and AlpA-eYFP. The expression of
both proteins was induced by the addition of mitomycin C before analysis.

fragments covering the up- and downstream region
of the putative cg1891-alpC operon (Fig. 4A). The
upstream region was specifically bound by Cg1891
(Fig. 4B), but a smear of shifted DNA rather than a
clear band was observed. This suggested an
oligomerization of the protein along the DNA,
presumably at more than one binding site [44]. The
downstream region and the control DNA fragment
showed no binding of Cg1891. The specific DNA-
binding in the upstream promoter region, in fact,
revealed Cgl891 as a potential candidate for an
adaptor protein. We therefore renamed cg1891 to

alpA (A for adaptor).

Co-localization of AlpA and AlpC in vivo

To verify our assumption of AlpA being the adaptor
protein linking phage DNA to the AlpC filament,
localization of both proteins was studied in vivo. For
this purpose, an in-frame deletion of alpA was
constructed in the background of strain CDC020, in
which alpC was replaced by allelic exchange with
ecfp-alpC. The deletion of alpA had no influence on
the formation of eCFP-AlpC filaments (data not
shown). For visualization of AlpA, the alpA gene was
fused to eyfp and cloned into the vector pJC1 under
control of the native promoter (in the AalpA
alpC::ecfp-alpC background). Fluorescence
microscopy revealed small foci of AlpA-eYFP, which
formed upon induction of CGP3 by addition of
mitomycin C. Frequently, one to two foci of AlpA-
eYFP per cell were observed at various positions; in a
few cases up to four foci were detected in single

cells. Remarkably, AlpA-eYFP foci were observed at

the tips or aligned with AlpC filaments (Fig. 4C). In
78% (n=37) of cells at least one AlpA focus was
found to be associated with an AlpC filament.
Nevertheless, the angle of the filaments and the
position of the putative adaptor protein foci were,
These
evidence for an interaction of AlpA and AlpC

however, variable. results provide first

filaments.

Impact of AlpC on CGP3 replication

To investigate the physiological role of the actin-
like protein AlpC and its role in the replication
and/or segregation of the prophage CGP3, an in-
frame deletion mutant lacking the alpC gene was
constructed. Growth experiments in CGXIl minimal
medium showed no difference in growth phenotype
compared to the wild type (data not shown). In
order to analyze the impact of AlpC on CGP3
treated with
mitomycin C to induce prophage excision and

replication, C. glutamicum was
replication. The intracellular amount of circular
phage DNA significantly increased and reached
about 10-fold induction in mitomycin C treated cells
after six hours. Quantification of the intracellular
amount of circular CGP3 DNA by gPCR in wild type
and AalpC strains revealed a similar progression
(Fig. 5A). However, the maximal amount of circular
CGP3 DNA was approximately two-fold reduced in
AalpC cells compared to wild type. As observed for
AalpC, the maximal amount of phage DNA was
about two-fold reduced in a mutant strain lacking
AlpA (AalpA).
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Transcriptome analysis revealed that both genes,
alpC and alpA, are among the early genes of CGP3
induced upon treatment with mitomycin C (Fig. 5B).
The expression of alpC and alpA was 3-4-fold up-
regulated one hour after induction, whereas the
majority of CGP3 genes showed an increased mRNA
level after 3-6 hours (Fig. 5C). Altogether, early
expression of alpC and alpA in the course of CGP3
induction and the reduced level of circular CGP3
DNA in the two deletion mutants emphasizes the
participation of AlpC and AlpA in the early stages of
and/or
replication of phage DNA.

phage induction synthesis, such as

In vivo co-visualization of the CGP3 viral DNA
and AlpC filaments

In light of the finding that several actin-like
proteins are involved in segregation of plasmid DNA,
an analogous role of AlpC was speculated. To test
this idea, the CGP3 prophage and eCFP-AlpC were
co-visualized in vivo by fluorescent microscopy.
Visualization of CGP3 prophage DNA was carried out
as described previously [35]. Basically, an array of
tetO operator regions of transposon Tnl0 was
integrated into an intergenic region within the CGP3
prophage region. Co-expression of plasmid encoded
yfp-tetR allowed direct visualization of the prophage
region. The resulting strain, ATCC 13032 alpC::ecfp-
alpC/CGP3-YFP, was grown and phage induction was
triggered by mitomycin C addition. In many cells an
increased number of foci corresponding to CGP3
DNA were visible [35]. In these cells, eCFP-AlpC

Fig. 5. Impact of AlpC on CGP3 replication. (A)
The relative amount of circular phage CGP3 DNA
was quantified by gPCR in C. glutamicum ATCC
13032 wild type (white) and AalpC (light gray),
and AalpA (dark gray) upon treatment with 0.6
UM mitomycin C. Cultivation was performed in
CGXIl minimal medium with 4% glucose (see
material and methods). Shown are average
values with standard deviation of three

alpA independent biological replicates. (B) Time

course of cgl1890 (alpC) and cgl1891 (alpA)
expression in C. glutamicum upon prophage
induction triggered by the addition of 0.6 uM
mitomycin C. Shown is the mRNA ratio of cells
treated with mitomycin C versus untreated cells
one (red), three (blue), and six hours (gray) after
mitomycin  C addition analysed by DNA
al microarrays. (C) Time course of the mRNA ratio of
§ the whole CGP3 gene region after addition of
g mitomycin C (as described in B.

filaments or foci were readily observed. The eCFP-
AlpC foci co-localized with the CGP3 prophage foci.
Cells containing an AlpC filament in many cases had
a phage particle at one tip of the filament. However,
we did not observe two phage particles that were
separated by an AlpC filament, thereby making it
unlikely that AlpC filaments segregate two phage
DNA molecules. Rather, we noticed that most AlpC
filaments point at an angle to the membrane and
seem to push the phage DNA towards the cell
membrane. Indeed, phage DNA is mostly found at
the cell membrane (Fig. 6B and C).

Discussion

Segregation of genetic material by cytoskeletal
elements is a common theme in eu-and prokaryotes.
We describe here the identification and first
characterization of an actin-like protein encoded by
a prophage of the actinobacterium C. glutamicum
ATCC 13032. Hence, contrary to the long-standing
assumption, some C. glutamicum strains encode an
actin homolog. So far, we have no evidence that
AlpC influences cell growth and/or viability of
C. glutamiucm, however AlpC was shown to be a
critical factor in phage replication.

AlpC is a bona fide actin-like protein

Actin and actin-related proteins share limited
sequence and structural similarity [23, 24, 45, 46]. In
general, to determine if candidate actin-like
proteins, possessing the actin signature motif, are
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Vegetative growth

Stress induced phage excision -
circularization and expression
of phage genes. AlpA and AlpC are
early expressed phage genes

AlpA binds CGP3 DNA and
AlpC assembly into cytomotive filaments -
transport of CGP3 phage DNA
to the membrane

CGP3 phage replication at the
memebrane

CGP3 prophage

[
AlpC filament

(] ]
excised CGP3 phage AlpA bound phage

Fig. 6. (A) AlpC assembles into short, straight filaments when expressed at physiological concentration. (B-C) Co-
visualization of eCFP-AlpC and induced CGP3 prophage (CGP3-YFP). In the example shown, the tip of an AlpC filament is
connected to a phage particle. Further examples are shown in the lower panel. Scale bar, 2 um. (C) Proposed model for the
role of AlpC as anterograde membrane transport of phage DNA. During vegetative growth the prophage is replicated with
the host genome. Stress induced phage excision results in phage circularization and expression of phage genes. Via the
adaptor protein AlpA, AlpC interacts with the excised phage DNA. AlpC assembles into cytomotive filaments that direct the
phage DNA molecules to the cell membrane, where replication occurs.

cytoskeleton proteins a number of characteristic
criteria must be met. These characteristics include
assembly into dynamic filaments in vivo and in vitro
binding and hydrolysis of nucleotides, in many cases
both ATP and GTP. Although numerous bacterial
actin-like proteins that contain the actin signature
motif have been identified, relatively few have been
characterized [39].

The formation of dynamic filamentous structures
in vivo is common to both eukaryotic and
prokaryotic homologs. In C. glutamicum, AlpC readily
assembles into long curved filaments when
3A-B). At
concentration, AlpC assembled into short straight

overexpressed  (Fig. physiological
filaments, in addition to formation of compact foci
(Fig. 6A). The dynamics of actin-like filaments varies
and is often linked to the mode of subunit assembly,
stability and function of the protein in question [47].
ParM, for example, exhibits extreme dynamic
instability, displaying bursts of growth followed by
rapid decay [40, 41, 48]. Stabilization of the ParM
filament requires that the end of the ParM filament
is capped with a ParR bound plasmid [42, 49]. Thus,
the dynamic instability of the ParM filament is
intrinsic to the mode of action of ParM in plasmid

segregation, where it searches the cytoplasmic
environment for plasmids. Similarly, the mode of
action of Alp7A filaments in plasmid segregation
requires that both ends of the filament are capped
with a plasmid [39]. Other actin-like proteins, such
as AIfA, assemble into filaments by addition of
subunits to one side of the filament only [43]. Alp7A
filaments are more stable and long-lived. Although
the mechanism by which Alp7A segregates plasmids
is not well understood, it differs to ParM mediated
segregation [15, 43].

The dynamics of AlpC filaments was analyzed in
cells overexpressing alpC-cfp. This strain was used as
the low concentration of AlpC expressed from the
native promoter required longer exposure times
which subsequently led to fluorophore bleaching.
Z-stack analysis revealed numerous, long and curved
AlpC-CFP filaments (Fig. 3B and movie S1). These
filaments exhibited a dynamic behavior (Fig. 3C and
movie S2), however unlike ParM and Alp7A dynamic
instability was not observed [39, 40, 41, 48].

In vitro, AlpC can hydrolyze both ATP and GTP,
with ATP being the more abundant and thus, likely
the favored substrate (Fig. 2A). Mutation of one of
the conserved residues in the phosphate 2 motif
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(D301A) abolished nucleotide hydrolysis of AlpC (Fig.
2A). Additionally, filament assembly of AIpCD301A was
severely reduced in vivo (1.6%, n = 750). In
comparison, almost all cells expressing AlpC-CFP
contained filaments (97.2%, n = 870). Alpc™**
filaments were often found close to the membrane
and many cells contained large polar patches of
aggregated protein (Fig 3A). According to the in vitro
data, assemble of AlpC into filaments depends on
the presence of nucleotide and Mg2+ as a cofactor
(Fig. 2B). On the contrary but in line with the in vivo

D301A . .
into filaments

data, assembly of purified AlpC
was greatly reduced in vitro (Fig 2B). It should
however be noted that, unlike the wild type AlpC

protein, the AIpCDSO:LA

hydrolysis mutant exhibited
concentration dependent aggregation. Mutation of
the conserved aspartic acid residue of the phosphate
2 motive also resulted in the formation of static

filaments (Fig. 3D and movie S3).

AlpC filaments are connected to circular phage
DNA by the putative adaptor protein AlpA

Given the tripartite organization of chromosomal
and plasmid segregation systems, we sought to
identify an adaptor protein that connects the phage
DNA with AlpC filaments. The upstream, co-
transcribed alpA (cgl891) does not share any
appreciable homology to known adaptor proteins of
chromosome or plasmid segregation systems. In
vitro EMSA assays showed that AlpA binds to DNA
upstream of the alpAC operon (Fig. 5). In vivo, AlpA-
YFP formed compact foci that often colocalized to
the tips of AlpC filaments. However, filament
assembly of AlpC was not altered in cells lacking
AlpA, suggesting that AlpA does not necessarily
induce or stabilize the actin-like filaments formation.
Instead, we speculate that the role of AlpA is to
connect phage DNA with AlpC filament which might
be involved in the transport of phage DNA to the
membrane. Nonetheless, the fact that AlpC does not
assemble into filaments when expressed in E. coli
would suggest that additional factors are required
and assembly into filaments is not solely dependent
on concentration, in vivo. Furthermore, filament
assembly of eCFP-AlpC was severely reduced when
expressed in a C. glutamicum strain that lacks most
of the CGP3 prophage (data not shown). Thus,
factors specific to the phage region are required for
the formation of filaments.

AlpC and AlpA are necessary for efficient
prophage replication

Initially, we speculated that AlpC might function to
actively segregate excised prophage DNA, akin to
plasmid segregation systems. Interestingly, we
found that AlpC filaments were sometimes absent in
cells that contained multiple induced phage
particles. In cells that contained multiple CGP3 foci
and AlpC filaments, interaction between AlpC
filaments and one phage particle was observed (Fig.
6B and C), arguing against a role in segregation of
two phage genomes. In addition, as cell division is
often halted under phage (or stress) inducing
conditions  (SOS response), AlpAC mediated
segregation of phage particles into dividing daughter
cells appears unlikely. However, the DNA of the
induced prophage often accumulated at the cell
membrane (Fig. 6B and C). There is an increasing
amount of evidence suggesting that plasmid and
phage replication occurs at the membrane [31, 33,
50]. We speculate that excised phage DNA is
directed to the membrane where additional
replication occur. Consistent with this idea, cells
lacking AlpC have a 2-fold decrease in phage copy
number. Additionally, the phage copy number in
cells lacking AlpA is reduced (Fig. 5), highlighting a
concerted role of the AIpAC in CGP3 phage
replication.

Mechanisms of phage-encoded cytoskeletal
elements

During the preparation of this manuscript two
interesting reports on phage-encoded tubulin
homologs haven been published [51, 52]. Both
reports describe that phage-encoded PhuZ [51] and
TubZ [52] are required for correct phage particle
placement in the infected host. Interestingly, the
two reports arrive at different conclusions. PhuZ is
encoded in the Pseudomonas phage 201¢2-1. PhuZ
forms GTP hydrolysis dependent dynamic filaments
in vivo and in vitro [51]. These filaments traverse the
entire cell and are thought to assemble phage
particles in the center of the cell. However, PhuZ
was expressed from an inducible promoter. Here,
we have observed a similar polymerization behavior
of AlpC when it was overexpressed in C. glutamicum,
but got a different picture when alpC was expressed
from the native promoter. Phage replication was
PhuZ mutant
suggesting that proper segregation is important for

also impaired in background,
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phage replication. The authors arrive at the
conclusion that PhuZ forms a spindle-like apparatus
that positions the virus particles in the cell center
[51]. Simultaneously, a TubZ homolog in the
Clostridum botulinum phage c-st was shown to
behave like a classical type Il segregation system.
TubZ binds, via the adaptor protein TubR, to the
centromeric region of the phage DNA [52].
Superficially, the c-st TubZ and AlpC share a similar
mechanism, in particular since both are encoded in
prophages that replicate as plasmid-like entities.
However, close inspection of the results that we
describe here, make it unlikely that the short AlpC
filaments observed after induction of phage
replication would be suited to segregate plasmid
particles into separating daughter cells. Rather, our
data are consistent with AlpC guiding CGP3 DNA to
the cell membrane, where replication likely occurs.
Fluorescent co-localization of AlpC filaments and
viral DNA show that phage DNA foci are often found
in numerous copies at the membrane, while AlpC
filaments only attach to single particles. In this
aspect AlpC might resemble the role of eukaryotic F-
actin in the anterograde transport of herpes-like
viruses [37, 38, 53]. The anterograde transport
brings virus particles to the cell membrane (Fig. 6).
Actin plays, in fact, a prominent role as a host factor
for viral replication in eukaryotes. Actin is not only
required for retrograde transport, but also involved
in uptake, retrograde transport to the nucleus,
replication and long-range spread [38]. This is in line
with observations that link the B. subtilis actin
homolog MreB with replication of phages SPP1 and
@29 [33]. Proteins and DNA of ¢29 localize in a
punctuate pattern at the membrane where they co-
localize with MreB. In absence of MreB phage
polymerase and the putative membrane anchor
pl6.7 are phage
replication was reduced. In this model MreB assists

delocalized. Consequently,
localization of the phage replication machinery, but
is not involved in phage segregation analogous to
ParM-driven plasmid segregation. It may, therefore,
be advantageous for phages replicating in bacteria
lacking an endogenous actin cytoskeleton to encode
this cytoskeletal element within their own genome.
A unifying theme is that phages with large genomes
seem to rely on cytoskeletal filaments for
intracellular movement. Thus, it seems plausible
that the connection of actin and viral replication is

ancient [54] and that the general principle is well
conserved even between bacteria and phages.

Experimental Procedure

Recombinant DNA work

Standard methods like PCR, restriction or ligation
were carried out according to established protocols
[55, 56]. Oligonucleotide synthesis and DNA sequencing
was performed by Eurofins MWG Operon (Ebersfeld,
Germany). Strain, plasmids and oligonucleotides are
listed in Table S1.

In-frame deletion mutants of the alpC gene (cg1890)
were constructed via the two-step homologous
recombination procedure as described previously [57].
The alpC up- and downstream regions have been
amplified using the oligonucleotide pairs DalpC-
1/DalpC-2 and DalpC-3/DalpC-4. The resulting PCR
products were used as template for an overlap
extension PCR with the oligonucleotides DalpC-
1/DalpC-4. The purified PCR product of ca. 1 kb was
digested with EcoRI and BamHI and cloned into the
pK19mobsacB. The  resulting  plasmid
pK19mobsacB-AalpC was used for performing an allelic

vector

exchange by homologous recombination [57] in the
chromosome of C. glutamicum ATCC 13032 resulting in
the mutantstrain C. glutamicum AalpC.

To generate a strain overexpressing AlpC-CFP, cfp,
including the stop codon, was amplified using primer
pair CFP-Sacl-F/cfp EX2 Eco R mS. The resulting PCR
product was restriction digested with Sacl and EcoRl
and ligated into an identically treated pEKEx2 vector.
Subsequently, alpC, lacking the stop codon, was
amplified using primer pair AlpC-Sall-F/ AlpC-BamHI-os-
R, restriction digested with Sall and BamHI and ligated
into the pEKEx2-cfp vector. The resulting vector
(pCD129) was transformation into C. glutamicum
IPTG-inducible
expression of alpC-cfp (CDC021). To generate a strain
expressing alpC”*"-cfp, pCD129 was used as template

resulting  in extrachromosomal,

and subjected to site directed mutagenesis using
primer pair 1890-D301A-F/1890-D301A-R, giving rise to
vector pCD130. Plasmids were verified by sequencing.
The resulting vector was transformed in C. glutamicum,
giving rise to strain CDC022.

The strain expressing ecfp-alpC at physiological
concentration was generated by integrating ecfp
upstream of and in-frame with alpC. As describe above,
a two-step homologous recombination procedure was
used [47]. The ecfp gene was PCR amplified using the
primer pair eCFP-Sall-F/eCFP-Xbal-R. The resulting PCR
product was restriction digested with Sall and Xbal and
ligated into an identically digested pK19mobsacB
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vector, placing ecfp in the middle of the multiple
cloning site. The region upstream of the alpC start
codon and the first 0.5 kp of alpC were amplified using
primer pairs Alp-up-Hind-F/Alp-up-Sal-R and Alp-D-Xba-
F/Alp-D-Bam-R, resulting PCR
products were digested with Hindlll/Sall and
Xbal/BamHlI, respectively and sequentially ligated into a

respectively. The

pK19mobsacB-ecpf vector. This vector was used for
allelic replacement at the alpC locus, integrating ecfp at
the 5 end of alpC, resulting in strain CDCO020.
Chromosomal integration was confirmed by PCR.

For an in-frame deletion of alpA (cg1891) the plasmid
pK19mobsacB-AalpA was constructed using the
oligonucleotides DalpA-1/DalpC2 and DalpA-3/DalpA-4.
For deletion of alpA in the strain CDC020, in which alpC
is genomically replaced by cfp-alpC, the flanking
downstream region of alpA was amplified with the
oligonucleotides DalpA-3 and DalpA-cfp-alpC-4. As
template DNA for this PCR served genomic DNA of
strain CDC020. In an overlap extension PCR, the PCR
products were combined by amplification with the
oligonucleotides DalpA-1 and DalpA-4 or DalpA-cfp-
alpA-4, respectively. After restriction with EcoRI and
BamHI and ligation with pK19mobsacB, the plasmids
pK19mobsacB-AalpA and pK19mobsacB-AalpA-cfp-alp
were obtained. The construction of an in-frame
deletion mutant of alpA and the deletion of alpA in the
strain CDC020 were perform as described for AalpC
resulting in the mutant strains AalpA and AaglpA
alpC::cfp-alpC.

For co-visualization of eCFP-AlpC filaments and CGP3
prophage, strain CDC020 was used as the background
strain and the CGP3 prophage was tagged as described
previously [34].

For heterologous overexpression of Hisio-AlpC the
alpC gene (cg1890) was PCR amplified using primers
AlpC-et-F and AlpC-et-R, restriction digested with Xhol
and BamHI and ligated into pET16b (Novagen). The
resulting plasmid (pCD115) was transformed into
BL21(DE3) pLysS for heterologous protein production.
Site directed mutagenesis was employed to generate
pCD116 (Hislo-AIpCDaolA). For heterologous
overexpression of AlpA the gene cg1891 (alpA) was
amplified with the oligonucleotides alpA-fw and alpA-
rv. The PCR product and the plasmid pET-TEV were
digested with Ndel and EcoRl and ligated. Thereby the
sequence of a His,p-tag was fused to the 5- end of
alpA, resulting in the plasmid pET-TEV-alpA.
Subsequently, E. coli BL21(DE3) was transformed with
the plasmid for heterologous protein production.

To localize AlpA in single cells, an AlpA-eYFP protein
fusion was used. For this purpose, the natural
promoter Pg,s and alpA, excluding the stop codon,

were amplified by PCR with the oligonucleotides pairs
PalpA-BamHI-fw and alpA-link-rv. To amplify eyfp the
oligonucleotides eyfp-link-fw and eyfp-Sall-rv were
used, thereby  adding  the sequence 5’-
GGCGCTGCTGGC-3" in front of eyfp as a linker
sequence. Both PCR products were combined in an
overlap-extension PCR with the oligonucleotides PalpA-
BamHI-fw and eyfp-Sall-rv and digested with BamHI
and Sall. Subsequently the product was ligated into
pJC1, resulting in the plasmid pJC1-PalpA-alpA-eyfp. For
co-localization studies the strain AalpA alpC::cfp-alpC
was transformed with the plasmid.

Determination of circular phage DNA using
quantitative PCR

The relative amount of circular phage DNA was
determined via quantitative PCR (qPCR). Therefore,
C. glutamicum wild type, the alpC deletion strain, and
the alpA deletion strain were grown in 5 ml BHI (Brain
Heart Infusion, Difco) for about 6 hours at 30°C. A
second precultivation was performed in CGXIl minimal
medium containing 4% glucose as carbon source. From
each preculture two main cultures were inoculated to
an OD of 1 in CGXIl minimal medium. At an OD of 3
mitomycin C (final concentration of 0.6 uM) was added
to one culture to induce the SOS response; the second,
untreated culture served as reference. 5 ml samples
were harvested by centrifugation (4000 xg,
10 min and 4 °C) at different time points after induction
(0-24 h). The preparation of genomic DNA was
performed as described previously [58].

The determination of the relative amount of circular
DNA of the phage CGP3 by quantitative PCR was
conducted according to the protocol described in
Frunzke et al. (2008) [35]. Briefly, each sample
contained 1 g total DNA as template for amplification.
Amplification was performed using the DyNAmo
Capillary SYBR Green gPCR Kit (Finnzymes Oy, Vantaa)
and a LightCycler type 1.0 (Roche Diagnostics). The ddh
gene (cg2900), which is present in one copy in the
C. glutamicum genome, served as reference gene for
normalization; the oligonucleotides ddh-LC-for and
ddh-LC-rev were used for amplification. For the
detection of circular CGP3 DNA, oligonucleotides
(Phage-LC-for and Phage-LC-rev) were designed which
anneal to the left and right boarder of CGP3, pointing
into divergent directions. This arrangement was used
to specifically amplify a 150 bp DNA fragment covering
the attachment site (attP) of the excised circular CGP3
DNA molecule. For the calculation of the relative
amount of the circular phage DNA the amount of the
circular phage DNA in induced cells was normalized
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with the amount of circular phage DNA in uninduced
cells of the same strain at each time point.

DNA microarrays

For transcriptome analysis cells were cultivated as
described for the determination of circular CGP3 DNA
(previous paragraph). Transcriptomes of C. glutamicum
ATCC 13032 were comparisons of cells treated with or
without 0.6 mM mitomycin C after one, three, six and
nine hours after addition of mitomycin C. The custom
DNA microarrays were obtained from Agilent
Technologies (Waldbronn, Germany). Agilent’s eArray
platform was used to design oligonucleotide probes
with the best probe methodology and assemble
4x44K
(https://earray.chem.agilent.com/earray/). The custom
design included oligonucleotides for the annotated

custom 60mer microarray designs

protein-coding genes and structural RNA genes of the
four bacterial genomes from C. glutamicum,
Escherichia coli, Gluconobacter oxydans, and Bacillus
subtilis for genome-wide gene expression analysis. For
C. glutamicum, the genome annotation NC_006958
from NCBI was used listing 3057 protein coding genes
and 80 structural tRNA and ribosomal RNA genes [36].
In the custom design, C. glutamicum genes are
represented by one, two or three oligonucleotides
which were used to determine relative RNA levels. The
custom array design also included the Agilent’s control
spots.

Purified cDNA samples to be compared were pooled
and prepared two-color samples were hybridized on
4x44K arrays at 65°C for 17 hours using Agilent’s gene
expression hybridization kit, Agilent’s hybridization
chamber, and Agilent’s hybridization oven. After
hybridization the arrays were washed using Agilent’s
wash buffer kit according to the manufacturer’s
hybridized DNA
microarrays was determined at 532 nm (Cy3-dUTP) and
635 nm (Cy5-dUTP) at 5 um resolution with a GenePix
4000B laser scanner and GenePix Pro 6.0 software

instructions.  Fluorescence  of

(Molecular Devices, Sunnyvale, CA, USA). Fluorescence
images were saved to raw data files in TIFF format
(GenePix Pro 6.0).

Quantitative TIFF image analysis was carried out
using GenePix image analysis software and the
Agilent’s gene array list (GAL) file. The results were
saved as GPR-file (GenePix Pro 6.0). For background
correction of spot intensities, ratio calculation and ratio
normalization, GPR-files were processed using the
BioConductor  R-packages limma and marray
(http://www.bioconductor.org). For further analysis,
the processed and loess-normalized data as well as

detailed experimental information according to MIAME

[59] were stored in the in-house DNA microarray
database [60]. To search the data for differentially
expressed genes by the processed Cy5/Cy3 ratio
reflecting the relative RNA level, the criteria flags 20
(GenePix Pro 6.0) and signal/noise 25 for Cy5
(F635Median/B635Median) or Cy3 (F532Median/
B532Median) were used.

Array data were deposited in the GEO database
number

(ncbi.nlm.nih.gov/geo) under accession

GSE45907.

Heterologous protein expression and purification
His,,-AlpC was heterologously overexpressed in E. coli
BL21 (DE3) pLysS. Expression was induced with 0.4 mM
IPTG. Cells were collected by centrifugation at 5000 g
(4°C) for 10 min, resuspended in buffer A (100 mM Tris-
HCI, pH 7.5, 150 mM KCI, 150 mM NacCl, 10 % glycerol
and 10 mM imidazole), supplemented with DNase | and
protease inhibitor. The cleared cell lysate was applied
to a 1 ml HisTrap™ FF column, washed with 10 column
volumes of buffer A and subsequently eluted by a step
gradient of buffer B (buffer A supplemented with 490
mM imidazole). The affinity purified AlpC protein was
further applied to a Superdex™ 200 10/300 gel
filtration column and eluted in buffer C (buffer A
lacking imidazole). Eluted fractions were analyzed by
SDS-PAGE  and Heterologous
overexpression and purification of AlpCD®** was

immunoblotting.

identical.

The production of Hisg-AlpA in E. coli BL21 (DE3)
pLysS was induced with 0.5 mM IPTG and harvested
after 4 hours of expression as described for His,o-AlpC.
The disruption of the cells and purification of the
protein with a Ni*-NTA column (nickel-nitriloacetic
acid) (Qiagen, Hilden) were performed as described
previously [61]. The elution of AlpA was conducted
with TNI1400 buffer (20 mM Tris/HCI, 300 mM NacCl, 400
mM imidazole). The fractions of eluted protein were
pooled and the buffer was exchanged to binding buffer
(20 mM Tris/HCl, pH 7.5, 50 mM KCl, 10 mM MgCl,, 5%
(v/v) glycerol, 0.5 mM EDTA, 0.005% (w/v) Triton X-
100) with a PD10 desalting column (GE Healthcare) for
DNA-Protein binding studies.

Electrophoretic mobility shift assays

Studies of the DNA-Protein binding of AlpA and
potential target DNA were performed according to
[62]. The DNA (500 bp) of the upstream region of alpA
and downstream region of alpC were amplified by PCR.
The promoter region of cg2036, a gene encoded by the
prophage CGP3 in C. glutamicum, was tested as control
fragment. 100 ng DNA per lane were incubated with
different molar ratios of purified AlpA for 20 minutes
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before loading to a non-denaturing 10% polyacrylamide
gel.

Nucleotide hydrolysis assay

ATPase and GTPase activity was measured in a
coupled enzyme assay constantly regenerating GTP
[63]. Nucleotide hydrolysis rate of 1 UM protein was
measured in a total volume of 100 pl containing varying
nucleotide concentration, equimolar MgSO,, 50 mM
Tris-HCl, 200 mM NaCl, 10 % glycerol, 1 mM PEP, 0.6
mM NADH, 20 U/ml pyruvate kinase and 20 U/ml
lactate dehydrogenase. The samples were setup in a
96-well microtiter plate and the absorbance of NADH
was monitored at 340 nm for 1 hour at 30°C (Tecan
Plate Reader, software: I-control). All data were
obtained from triplicate determination and corrected
for nucleotide autohydrolysis.

Sedimentation assay

Prior to experimental setup, protein samples were
subjected to centrifugation at 120,000 g for 10 minutes
to remove any aggregated protein. Purified protein (2
uM) was mixed with nucleotide (2 uM) in the presence
or absence of 2 uM Mg”" or 4 uM EDTA. Volumes were
adjusted to 100 pl with buffer C. Reaction mixtures
were incubated at 30°C for 30 minutes. Polymerized
protein was then separated from non-polymerized
protein by centrifugation at 120, 000 g for 10 minutes.
Supernatant and pellet fractions were separated and
quantitatively analyzed by immunoblot.

For quantitative Western blot
polymerized His;o-AlpC and Hisw-AIpCD301A from the

analyses of

sedimentation assays, samples were blotted onto an
Immobilon-FL PVDF membrane (Millipore) and probed
with anti-His antibody (Qiagen), followed by IRDye 800-
conjugated goat anti-mouse IgG (H + L) antibodies (LI-
COR) as secondary antibody. The IR fluorescence
signals were quantified with the Odyssey™ IR
fluorescence scanning system (LI-COR). Background
values were automatically subtracted using the
Odyssey software (LI-COR) (Median Top/Bottom
method). Signals were normalized to a protein only
sample.

Fluorescence microscopy

For microscopic examination, expression from the
PEKEx2 plasmid was induced by addition of 0.5 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) to the
growth medium, for approximately 60-90 min. For co-
visualization of eCFP-AlpC filament and induced CGP3
prophage, cells were grown in CGXIl medium
supplemented with 4% glucose. Excision of the CGP3
prophage was induced by addition of mitomycin C (final

concentration 0.2 ug / ml). Approximately 30 minutes
prior to microscopic examination, 0.1 mM IPTG was
added to induce synthesis of YFP-TetR.

For phase contrast and fluorescence microscopy, 1-3
ul of a culture sample was placed on a microscope slide
coated with a thin 1 % agarose layer and covered by a
cover slip. Images were taken on a Zeiss Axiolmager M1
equipped with a Zeiss AxioCam HRm camera or on a
Zeiss Axiolmager M2 equipped with a Zeiss AxioCam
MRm camera. GFP fluorescence was monitored using
filter set 38 HE eGFP, BG-430 fluorescence and CFP
(eCFP) were monitored using filter 47 HE CFP, red
fluorescence (membrane stain) was monitored by using
filter 43 HE Cy3 or filter 63He and DAPI / Hoechst
fluorescence was examined with filter set 49. An EC
Plan-Neofluar 100x/1.3 Oil Ph3 objective was used.
Digital images were acquired and analyzed with the
AxioVision 4.6 software (Carl Zeiss). Final image
preparation was done using Adobe Photoshop 6.0
(Adobe Systems Incorporated).
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Long abstract

In this protocol the fabrication, experimental
setup and basic operation of the recently
introduced microfluidic picoliter bioreactor
(PLBR) is described in detail. The PLBR can be
utilized for the analysis of single bacteria and
microcolonies to investigate biotechnological
and microbiological related questions
concerning, e.g., cell growth, morphology,
stress response and metabolite or protein
production. The device features continuous
media flow enabling constant environmental
conditions for perturbation studies, but in
addition allows fast medium changes to mimic
any desired situation as well as oscillating
conditions. To fabricate the single use devices,
a silicon wafer containing sub micrometer sized
SU-8 structures served as the replication mold
for rapid Polydimethylsiloxane casting. Chips
were cut, assembled, connected and set up

onto a high resolution and fully automated

Short abstract

In this protocol the fabrication, setup and
basic operation of a microfluidic picoliter
bioreactor (PLBR) for single cell analysis of
prokaryotic microorganisms is introduced.
Industrially relevant microorganisms were
analyzed as proof of principle allowing
insights into growth rate, morphology and
phenotypic heterogeneity over certain
time periods, hardly possible with
conventional methods.

microscope suited for time-lapse imaging, a
powerful tool for spatio-temporal cell analysis.
Here, the biotechnological platform organism
Corynebacterium glutamicum was seeded into
the PLBR and cell growth and intracellular
fluorescence were followed over several hours
population
heterogeneity, not possible with conventional

unraveling time  dependent
analysis methods such as flow cytometry.

Besides insights into device fabrication,
furthermore, the preparation of the pre-
culture, loading, trapping of bacteria and the
PLBR cultivation of single cells and colonies is
demonstrated. These devices will add a new
dimension in microbiological research to
analyze time dependent phenomena with
single cell resolution. Due to the simple and
relatively short fabrication process the
technology can be easily adapted at any
microfluidics lab and simply tailored towards

specific needs.
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42 Results

Microfluidic Bioreactor for Single Cell Analysis

Introduction

Time-lapse microscopy is a powerful tool for
studying living cells under tightly controlled

environmental conditions’. Meanwhile
commercially available fully automated
microscopy platforms including thermally

focus  drift
commonly applied in biological research to

induced compensation are
study time-dependent phenomena, ranging
from cancer and neuron cell research over
tissue engineering and dynamic studies with
single yeast or bacterial cells*®.

Typically transparent well plates, agar-pads or
simply microscopy slides are applied to provide
cell culture environments during time-lapse
imaging’. Although suitable for certain research
these systems have very limited control over
environmental conditions and do not allow for
more complex perturbations or well defined
and fast medium changes. Disposable
microfluidic chip devices produced by mass
production have been introduced to the market
recently but are mostly tailored towards larger
eukaryotic cell types®. Although growth can be
studied,

concerning, e.g., precise cell trapping, colony

controlled growth investigations
size, growth direction and ability for cell
removal is limited. Microfluidic habitats and
reactors, where bacteria cells are cultured in 3D
d®**° but
have drawbacks when aiming for quantitative

environments have been develope

studies at the single cell level. Although cell-to-
cell heterogeneity can be identified, many
parameters such as morphology, fluorescence
etc., cannot be determined accurately since
growth is not restricted to monolayers.

This limitation triggered the development for
micro systems enabling cultivation of cells in
well-defined channels and geometries within
monolayers and especially tight control over
media supply and environmental conditions

ultimately with single cell resolution®**?

. Only
few examples of microfluidic systems dealing
with bacterial cells have been demonstrated”

% This is mainly due to the fact that bacteria

typically exhibit very fast growth rates and
require microfluidic structures in the range of
few micrometers and below, especially when
cell monolayers are desired for microscopy.
Keymer et al. demonstrated growth and
spreading of E. coli strains in microfabricated

landscapes "¢

. Since they were interested in
population dynamics they did not investigate
with single cell resolution.

We have developed the picoliter bioreactor
(PLBR)*®,

investigate

which is currently applied to

various biotechnological
performance indicators such as growth' and
fluorescence coupled productivity analysis on

[*¥°  Our microfluidic device

single cell leve
allows environmental reactor control at a
defined culture volume of approximately one
picoliter and continuous single cell observation

simultaneously. In comparison to open

1114 “\where one or two

monolayer box systems
sides are open to the media supply channel, the
PLBR allows for controlled trapping and
culturing. Our design allows for long term
cultivation of bacteria without the risk of
several adjacent colonies forming one large
population. Furthermore, the system
incorporates cultivation regions of 1 um height
(in the order of the cell diameter) to restrict
lateral bacteria growth to develop only 2D cell
monolayers. In contrast, the supply channels

are 10 fold deeper to minimize hydraulic

resistance.

In comparison to miniaturized batch
cultivation systems®® our system allows
cultivation under constant environmental

parameters due to continuous media flow.
Furthermore, environmental parameters such
as medium composition, temperature, flow
rates and gas exchange can be easily controlled
and changed within seconds. This allows for the
investigation of cellular response to changes in
nutrient availability or stress stimuli using
fluorescence dyes or proteins. The demand for
reduced media volumes, namely in the range of
few microliters only, enable researchers to
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perform novel studies, e.g., the perturbation of

cells during time-lapse imaging with

supernatant of large-scale  experiments
unraveling cell response under these specific
environmental conditions'’. The picoliter
bioreactor provides researchers with a robust
system that tightly controls biological as well as
biophysical conditions and is operated using
high precision syringe pumps and automated
bright field and fluorescence microscopy for
time-lapse imaging. Here, we report a complete
protocol from device design, its fabrication and

exemplary application.

1 Protocol

1.1  Wafer Fabrication

1.1.1) Design a drawing of the microfluidic device
containing inlets, outlets, main channels and
the PLBRs (Figure 1A).

1.1.2) The design presented in this protocol (Figure
2) consists of two seeding inlets, a gradient
generator for mixing of two different
substrates, one outlet, and six arrays of
PLBRs. Each array contains 5 PLBRs, resulting
in 30 parallel PLBRs for one microfluidic
device.

1.1.3) Create a lithography photomask containing
the desired chip layouts (Figure 1B). In our
study the photomask was produced in house
by electron beam writing with sub-micron
resolution. The mask used was composed of
a chromium layer on a 5 inch square glass
plate.

1.1.4) Note: Perform all steps under clean room
class 100 conditions (Overview see Figure
3A).

1.1.5) Clean a silicon wafer with piranha (10:1 ratio
of sulfuric acid and hydrogen peroxide) and
hydrofluoric acid for several minutes. Rinse

with deionized (DI) water for approximately
10s.

1.1.6) Dehydrate wafer for 20 minutes at 200°C.

1.1.7) Using a wafer spinner, spin-coat SU-8 2000.5
photoresist onto the wafer to aim to realize
a height of 1 um (1st layer) (4 ml resist, spin
10 s with, v = 500 rpm and a = 100 rpm/s,

spin 30 s with v = 1000 rpm and a = 300
rpm/s).

1.1.8) Place the wafer coated on a hotplate at 95
°C to drive off excess solvent (1.5 min at 65
°C, 1.5 min at 95 °C and 1 min at 65 °C;
ideally use two hotplates).

1.1.9) Apply the photomask with the desired
layout (here the trapping regions of the
picoliter reactors) inside a wafer-mask
aligner and expose to 350-400 nm (vacuum
contact, 64 mlJ/cm?,t=3s, 1 =7 mW/cm?).

1.1.10) Perform post exposure bake on a hotplate at
95 °C to initiate the polymerization of SU-8
(1 min at 65 °C, 1 min at 95 °C and 1 min at
65 °C). During this step you already can see
the structures in the SU-8 layer.

1.1.11) Place the wafer in a SU-8 developer bath for
1 min and transfer the wafer into a second
container with fresh SU-8 developer for few
seconds.

1.1.12) Rinse the wafer in isopropanol to remove
SU-8 developer and dry wafer using nitrogen
flow of wafer spin dryer.

1.1.13) Hard bake the wafer (10 min at 150 °C).

1.1.14) Spincoat 9 um SU-8 2010 photoresist onto
the wafer (2nd layer). (dispense 4 ml resist,
spin 10 s with v = 500 rpm, a = 100 rpm/s
and spin 30 s with v = 4000 rpm, a = 300
rom/s).

1.1.15) Place the wafer with SU-8 on a hotplate at
95 °C to drive off excess solvent (15 min at
65 °C, 45-60 min at 95 °C and 10 min at 65
°C). Attention has to be paid to wrinkles and
bubbles. If the wafer is heated to fast to 95
°C, evaporated solvent may be encapsulated
in tiny gas bubbles.

1.1.16) Place the mask with the desired layout (here
main channels for nutrient supply) over the
wafer and expose to 350-400 nm in a mask
aligner (hard contact, 64 mJ/cm?,t=10s (I =
7 mW/cm?))

1.1.17) Perform post exposure bake on a hotplate at
95 °C to finalize the polymerization of SU-8
(5 min at 65 °C, 3:30 min at 95 °C, 3 min at
65 °C). During this step you already can see
the structures in the SU-8 layer.
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1.1.18) Place the wafer in a SU-8 developer bath for
45 s and transfer the wafer in a second
container with fresh SU-8 developer for 60 s.

1.1.19) Rinse the wafer 20 s in isopropanol to
remove SU-8 developer and dry wafer using
pressured nitrogen.

1.1.20) Finally hard bake the wafer at 150 °C. As a
result the final structured wafer (Figure 1C)
is obtained, which will be used as master
mold for PDMS molding.

1.1.21) Perform profilometer measurements (Figure
3B), to ensure that parameters of wafer

trapping
structures of 1 um height and 9 um main

manufacturing  resulted in
channels. Inaccuracies in structure height
may results in inefficient cell trapping or loss
of cells during cultivation.

1.2  Polydimethylsiloxane Chip
Fabrication

Note: All steps should be performed
under laminar-flow conditions, to
prevent that dust particles interfere
within the fabrication procedure.

1.2.1) Prepare a mixture of silicone based
elastomer and curing agent in a 10:1 ratio.
Stir and mix the polydimethylsiloxane
(PDMS) carefully until a

solution is achieved which looks opaque.

homogenous

Prepare as much as you need for adequate
height (here 3 mm).

1.2.2) Degas the PDMS mixture for 30 minutes
under slight vacuum until all bubbles have
disappeared.

1.2.3) Prepare molding device (or petri dish) with
appropriate SU-8 wafer and pour the PDMS
mixture into it (Figure 1D).

1.2.4) Bake the PDMS for 3 hours at 80 °C in the
oven.

1.2.5) Carefully peel off the PDMS slab from the
wafer. Cut the slab into single chips using a
sharp scalpel.

1.2.6) Wash the chips in an n-pentane bath for 90
minutes, followed by two acetone washing
steps (90 min each). During the n-pentane
wash, monomers and dimers are removed
from the cured PDMS (chip size may double

during washing procedure). Dry the chips
overnight to remove any solvent. Perform
the PDMS washing under a fume hood.

1.2.7) Store the microfluidic PDMS chips in close
containers until the day of experiments.

1.2.8) Just before the experiment, punch the inlet
and outlet holes using a needle (or hole-
puncher) with a smaller diameter than the
connectors that are used to connect tubing
with PDMS chip.

1.2.9) Clean the microfluidic PDMS chip carefully
with isopropanol and use scotch tape to
remove any dust particles which might stick
on the structured PDMS side. Use the scotch
tape several times until no particle can be
seen on the chip.

1.2.10) Clean a 170 pm thick glass slide with

acetone and isopropanol successively.
Finally clean with deionized water and dry

with pressurized nitrogen.

1.2.11) Before plasma-activation, warm up the
plasma cleaner and run the plasma for
approximately 300 s. Plasma-oxidize glass
slide and PDMS chip (Power 50 W, Time = 25
s, Oxygen flow rate = 20 sccm).

1.2.12) Align the PDMS chip and glass before
bonding, using tweezers. Finally, place the
PDMS chip carefully onto the glass slide
(Figure 1E). PDMS and glass will bond within
seconds.

Note: Do not push with tweezers onto
the top of the PDMS chip during the
bonding process. This may lead to so
called roof-collapsing of the channels
and small structures.

1.2.13) In order to strengthen the bond, bake the
final PDMS-glass chip for 10 s at 80 °C.

1.3  Preparation of the Bacterial Culture

Note: All cultivations should be
prepared in sterile filtered medium to
prevent accumulation of undesired
particles, which might interfere during
cultivation.

1.3.1) Use a fresh agar plate containing your
desired organisms (here, C. glutamicum
ATCC 13032) and inoculate one colony into
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1.3.2)

1.3.3)

1.3.4)

1.4

1.4.1)

1.4.2)

20 ml of fresh BHI
overnight (= 8 -14 hours) at 30 °C on a rotary
shaker (120 rpm).

medium, incubate

Transfer 10 pl of the preculture into the
desired medium (here CGXII*") which will be
used during microfluidic cell cultivation and
grow the cells overnight at 30 °C on a rotary
shaker (120 rpm).

the desired amount of cells

(between 10 ul and 500 pl, depending on

Transfer

the start of the experiment) into the desired
medium (here CGXII*") which will be used
during microfluidic cell cultivation. The best
is to use cells from the early logarithmic
phase for seeding. For our C. glutamicum
culture the best optical density (ODgy) for
seeding was between 0.5 and 2.

Transfer 1 ml of the bacterial culture into a
sterile 2 ml tube. Note: This should be done
right after the microfluidic PDMS chip was
assembled to minimize transfer time
shake flask

cultivation. Typically the transfer time is

between and microfluidic
around 15 minutes and should be kept as
small as possible to prevent impact on
metabolism caused oxygen limitation and
temperature changes.

Experimental Setup

Note: All steps are performed with an
inverted microscope, but can in general
also be performed using upright
microscope.

Start incubator system 2 hours before the
experiment to warm up the system. In our
configuration we use an additional objective
heater to minimize heat flux.

Note: The microscopy should be
equipped with a full-size incubator to
control temperature and if desired gas
flow. Additional humidity control is not
necessary since the chip system is
continuously infused with media.

Open incubator system, select the 100x
objective and add immersion oil to the
objective.

1.4.3)

1.4.4)

1.4.5)

1.4.6)

1.4.7)

1.4.8)

1.5

1.5.1)

1.5.2)

1.5.3)

Mount the chip inside the chip holder and
additionally fix the glass plate with adhesive
tape in order to avoid chip any movement.

Center the sample on the microscope and
focus onto the PLBR arrays.

with
Connect

Connect inlets(s) and outlet(s)
appropriate tubing (Figure 1F).
tubing to an appropriate waste reservoir. A
representative chip can be seen in Figure 4 —

left (B).

Connect syringes with microfluidic pumps
and start media flow. Use medium, buffer or
if necessary coating solution and rinse the
microfluidic channels for approximately 1
hour. Coating solution is used to coat
channel walls to prevent unspecific cell

adhesion.

For Escherichia coli, 0.1 % solution of BSA is

used to coat the channel walls. For
C. glutamicum no coating is necessary. After
the coating procedure, flush the chip with

medium prior cell seeding.

Before the cell seeding and cultivation,
confirm that no leakage occurs and that the
temperature is constant.

Seeding of Bacterial Cells into the

Microfluidic Device
Make sure you have the desired bacteria
solution

ready in appropriate

connected to flexible plastic tubes.

syringes

Disconnect buffer or coating solution and
connect the cell suspension to the chip. To
minimize death volume, undesired air
bubbles and to reduce experimental time,
change the complete needle as well as

tubing, rather than only the syringes.

Infuse the cell suspension into the channels
at a volumetric flow rate of 200 nl/min until
most of the PLBRs are filled with the desired
amount of cells (Figure 5A).

Note: Optimal results depend on the
bacterial strain, ODgy, and growth
medium of the preculture. These
parameters have to be adapted to
increase trapping efficiency and time
until a sufficient number of cells are
trapped in the reactor structures. For C.
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glutamcium, typically a cell suspension 1.6.7) After all PLBRs are filled, the experiment can
of ODgqo 0.5-2 was used; for E. coli the be stopped and the microfluidic PDMS chip
OD¢qo Was between 0.5 and 1. can be discarded and the experiment can be

1.5.4) If only a small number of PLBRs are filled, evaluated.
increase the flow rate to 800-1200 nl/min. 1.7  Analysis

1.5.5) Disconnect the cell suspension and connect Note: The following steps or parts of
the growth medium to the chip (Figure 5B). the procedure can be performed
Make sure that no air bubble is introduced manually or by (semi)-automated
during the medium change. Perfuse with image analysis programs such as Image
fresh growth media at 100 nl/min. J etc.

1.6  Time-Lapse Imaging 1.7.1) Determine PLBRs of interest, where

1.6.1) Select the PLBR of interest for time-lapse cultivation fulfills all desired criteria, e.g.,
imaging. In our work PLBRs were chosen that number of mother cells, position of the
contain a single cell at the beginning of an mother cells etc.
exp-enme!'lt. The- number of .spots that can 1.7.2) To determine the growth rate of one
be investigated in one experiment depends microcolony count the number of cells in
on the chosen frame rate and microscopic each time frame
setup. . .

. . 1.7.3) Calculate the maximum growth rate which

1.6.2) Select an appropriate frame rate depending represents one major parameter of bacteria
Of_ number of PLBRs. Make su.re that the cultures by plotting time vs. In(cell number).
microscope can handle the desired amount The slope of the plot represents the growth
of boxes in the desired time-interval. rate in [1/h] (see Figure 6)

1.6.3) Choose ?ppropnate filter sets (hejre YFP). 1.7.4) Fluorescence data analysis strongly depends
Automatically close the shutter during stage on the topic under investigation. In this
movement and after each time-lapse report, an example was chosen to illustrate
measurement to prevent chromophore colony-to-colony and cell-to-cell
bleaching. heterogeneity between different isogenic

1.6.4) Start the experiment. microcolonies (see Figure 7)

Replication Master Production

Repeated Chip Production

Win

LAYOUT EDITOR

Design @

Molding (©)

®

Mask

Bonding @

Wafer @

Assembly @

Figure 1: Overview of PLBR chip production process. (left) master mold fabrication: starting with (A) design, (B)
lithography mask fabrication and (C) wafer production. (right) PDMS-glass chip production: starting with (D) of PDMS
molding followed by (E) glass and PDMS bonding and (F) final chip assembly.
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Figure 2: Design of PLBR system. (A) CAD drawing of the microfluidic system for single cell culturing (B) Magnification of

selected layout positions. The layout contains two medium inlets (al), a gradient generator (a2) and 6 parallel PLBR arrays
(b1). Figure b2 shows one PLBR, which is embedded in a fluid channel with a width of 100 um. The PLBR has an inner
diameter of 40 um and nutrient channels with 2 um in width. The seeding inlet has a length of 40 um. Pink color represents

the first layer (trapping and cultivation region) and blue color represents the second layer (fluid transport).

2 Representative Results

2.1  Device Fabrication

The microfluidic PLBR system is a dual layer
system, fabricated by two layers of PDMS
bonded onto a glass chip. The fabrication
consists of two main procedures: Firstly the
fabrication of the replication master (Figure 1
A,B and C) and secondly the chip fabrication
(Figure 1 D,E and F). According to the protocol,
standard photolithographic microfabrication
techniques are used to create the master mold.
Laboratories without cleanroom facility can
acquire the microfluidic master mold at a
microfluidic vendor and do not need a clean
room facility. Using repetitive PDMS molding
(Figure 1 A,B and C) hundreds of disposable
chips can be produced easily. PDMS molding
and chip assembly can be done in any lab and
do not require clean room facilities, however,
filtered airflow workplaces are favorable.

The process starts with the design of the
microfluidic chip system. We use a CAD
software for microfluidic chip design (Figure

1A). After CAD, a mask is generated by an e-
beam writer (Figure 1B) with submicron
resolution. Here a 5” chromium mask was
created which was used for the wafer
lithography. The final wafer is used for PDMS
molding (Figure 1D). After a baking step the
PDMS slab is cut into chips which are
irreversibly bonded onto microscopy cover
slides (Figure 1E).
connected (Figure 1F).

Finally the tubing is

Figure 2 shows the design of the microfluidic
system in detail. It consists of two seeding
inlets (Figure 2 — al), a gradient generator for
mixing of different substrates (Figure 2 — a2),
and one outlet. The main channels have a
dimension of 50 x 10 um (W x H). Each device
consists of six arrays (Figure 2 — b1) of PLBRs,
containing 5 PLBRs (Figure 2 — b2) each. This
results in 30 parallelized reactors in one
microfluidic device.

Figure 3 illustrates the replication master
production. As described in detail in the
protocol, a first SU-8 layer is fabricated by SU-8
lithography (Figure 3A). A similar procedure is
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Figure 3: lllustration of two layer wafer fabrication process. (A) Fabrication of the first layer containing trapping

structures; (B) Fabrication of the second layer containing

fluid channels, inlets and outlets (C) representative surface

profiles of the first layer. In this case the height of the first layer was 1200 nm and is used for the cultivation of C.

glutamicum in complex medium.

applied for the second layer (Figure 3B). To
quantify and check the quality of the channel
geometry we investigated the height of the
PLBR and main channels with a profilometer. In
the example shown in Figure 3 C, the first layer
(the cultivation layer) was measured. Here the
layer shows a consistent height of 1200 nm,
suitable for the cultivation of C. glutamicum in
BHI medium. As can be seen from the profile
measurements, SU-8 is ideal to achieve straight
channel walls.

Figure 4 illustrates the PDMS molding
procedure starting with PDMS mixing (Figure
4A) followed by the molding process (Figure 4B)
and eventually the final bonding step (Figure
4C). Figures 4 (right) shows the final
microfluidic chip, incorporating the 170 um
thick glass plate, PDMS chip (3 mm in height)
with inlets and outlets and steel needles
connected to tubing. After the experiment the
chip can be disposed and no extensive cleaning
is necessary. Furthermore, it is easy to

assemble and handle. No complex and difficult
filling procedure is necessary.

2.2  Device Principle

Figure 5 shows the working principle of the
reactor system. Cells are infused into the
microfluidic device and individual cells remain
trapped inside the PLBR simply by cell-wall
interactions. Due to the difference in
hydrodynamic resistance of channel and PLBR,
only minimal flow occurs inside the PLBR. After
seeding of the PLBR (Figure 5A), the growth and
observation phase is initiated with a change
from bacteria solution to growth medium
(Figure 5B). After the PLBRs are filled (Figure
5C) the experiment is typically stopped and
time-lapse images can be analyzed. For the
trapping mechanisms and flow profile within
the PLBR the reader is referred to Griinberger
et al.” for more details.
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Representative Chip System

Mixing and
degassing @

Molding Q

Bonding @

inlets

outlet

PDMS

Sus8 PDMS Glass

Figure 4: (left) Illustration of the PDMS molding process: (A) PDMS mixing and degassing; (B) PDMS molding; (C) mold
release, cutting and chip bonding. (right) Final chip (Reproduced with permission of the Royal Society of Chemistry)13: (D)
photograph of the PDMS chip with 2 inlets and 1 outlet; (E) CAD image of six parallel arrays containing 5 PLBRs each; (F)

SEM image of one PLBR.

2.3 Growth Rate Analysis

Our system can be applied to study various
bacterial species with respect to different
biological
production of fluorescence proteins (as protein

In a first example

parameters such as growth or

or promoter fusions).

C. glutamicum, an industrially  relevant

production organism was cultured under

standard

170 pym cover glass
r (/bacleria cell

laminar flow.
growth medium

overflow channe

laminar flow . o
cell suspension‘seeding inlet

laminar flow.
growth medium

(T=30°C, caxl
medium??). Figure 6A shows the growth curves

cultivation  conditions
derived from three isogenic microcolonies.
Exponential growth is maintained until the
PLBRs are filled indicating that no nutrient
limitations occur. Figures 6B shows four DIC
microscopy images of a growing C. glutamicum
colony at selected time points.

©

Figure 5: Working principle of the
PLBR system. (A) Seeding phase
(B) Growth phase of the bacterial
microcolonies (C) Overflow phase.
Excess bacteria are pushed out of
the system. Reproduced with

permission of the Royal Society of

10 pm high

. 13
feed channel Chemist ry
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Figure 6: Growth rate determination of C. glutamicum WT microcolonies. (A) Isogenic growth of three PLBR cultivations
(Parts reproduced with permission of the Royal Society of Chemistry)13 (B) Time-lapse pictures of a growing C. glutamicum

colony.

2.4 Fluorescence Analysis

For single cell fluorescence microscopy
studies researchers often make use of specific
fluorescence dyes or proteins, such as GFP or
derivatives, to couple a measurable output to a
specific phenotype of interest. To demonstrate
the applicability of the PBLR for fluorescence
based time-lapse studies, we investigated
fluorescence emmision of a C. glutamicum
strain producing a plasmid-encoded YFP-TetR
fusion protein under control of the Py,
(PEKEX2-yfp-tetR)'®*>. In  the

presence of low inducer (IPTG) concentrations,

promoter

expression from P,. is known to lead to
significant cell-to-cell variation in isogenic
bacterial

populations. Starting from one

preculture, the growth and single cell
fluorescence was followed for several isogenic
microcolonies. As it can be seen in Figure 7, we
observed phenotypic heterogeneity between
different microcolonies as well as at the single
cell level in colonies starting from one common
ancestor cell. One colony (PLBR 1) showed
almost no fluorescence emmision, whereas

cells of PLBR 2 exhibited a low fluorescence

emmision due to basal yfp-tetR expression from
the P,. promoter. In PLBR 3 fluorescence
emmision was considerable strong, compared
to the other colonies and a broad distribution
of the population was observed (see PLBR 3
histogramm). This example demonstrates the
suitability of the PBLR for time-lapse
fluorescence microscopy studies. In comparison
to flow cytometry, where the flurescence
distribution of single cells can be determined at
one timepoint, our systems allows the tracking
of cells and and the study of single cell
fluorescence in real time over many
generations.

3 Discussion

described  the
experimental setup and related operation

We have fabrication,
procedures of a microfluidic PDMS device
containing several (PLBRs) for single cell
analysis of bacteria. Microfabrication using soft
allows easy

lithography techniques

manipulation of device dimensions for various
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Figure 7: PBLR-based analysis of population heterogeneity. Shown is C. glutamicum expressing an yfp-tetR fusion under
the control of the P,,. promoter (pEKEx2-yfp-tetR) in the absence of the inducer IPTG. (A) Experimental workflow; (B) three
isogenic microcolonies, showing colony-to-colony heterogeneity and cell-to-cell heterogeneity; (C) distribution of single cell

fluorescence within the respective microcolonies.

sizes and bacteria morphologies. We continue
to optimize the picoliter bioreactor and extend
its utility, especially for the cultivation of
different microbial organisms and regarding
(high) throughput. In order to increase the
trapping efficiency, currently the reactor
geometry is still under optimization. Figure 8
shows four new PLBRs which are currently
trapping
efficiency. In all cases the seeding channel was

under investigation to improve
“reduced” to a seeding inlet, which is varied in
width and shape. A consideration of this
approach lies in the enlargement of the inlets.
In practice, this seems to have an effect on the
number of cells that are trapped, but needs
further investigations.

Significant improvements on the trapping
efficiency are also reached by the addition of
more overflow channels leading to higher
convectional flow through the reactor and
more cells being trapped. However, at the
same time one increases the risk to wash out
cells during cultivation. Although future designs

will alter and continuous optimization will be
performed, the basic principle and thus this
protocol remains essentially the same.

The device is an interesting alternative to
macroscale cultivations that have been used for
decades to investigate growth and production
processes. However, it has some important
requirements: For parallel monitoring of
several picoliter bioreactors a high resolution
and fully motorized microscopic setup with
focus drift compensation is mandatory. In
addition an incubation system is needed to
maintain the desired cultivation temperature
constant throughout the measurements.

We achieve a 95 % success rate in device
fabrication. Main problems are related to
inefficient PDMS-glass bonding, PDMS roof
collapse or fluid leakage (See Table 1 for
troubleshooting of most occurring problems).
Although the experimental work is done
partially under non-sterile conditions, we rarely
see contamination during experiments, due the
PDMS  microfluidic

closed fluidic system.
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Large Seeding Inlet

devices are optically transparent, therefore,
can be used for high resolution in vivo imaging.
Although PDMS seems to be perfect for the
application, it has a high affinity for
hydrophobic molecules, making the use of
solvents which are widely used in whole cell
biocatalytic limited. However
suitable coatings are available to adapt the
protocol to these kinds of applications.

Our PLBR is well suited for spatio-temporal

processes,

analysis of cellular and even sub-cellular events
of various kinds of bacteria. A major advantage
of our approach lies in the ability to quantify
microcolony growth directly in contrast to
conventional methods. Furthermore, the PLBR
allows for culturing under defined and constant
conditions. Because the system facilitates the
use of small amounts of reagents or materials it
carries the advantages of being inexpensive,
customizable and amenable to high
throughput. In traditional methods average
values of the whole population are considered
when analyzing microbial cultivation.
Furthermore, existing methods need manual
sampling which can lead to degradation of
samples and thus to errors in the
measurement. The picoliter bioreactor offers

new perspectives for bioprocess development

Small Seeding Inlet

Figure 8: Scanning electron images of
different PLBRs with seeding inlets for
optimization of trapping efficiency
which are currently under
investigations. (A) Lager seeding inlets
(B) Smaller seeding inlets (C) Larger
“open” seeding inlets (D) Two seeding
inlets

and population heterogeneity analysis in
microbiology. The PLBR is a promising tool for
applications bioprocess
development.
Main fields of application could be:
1) Analysis of cell-to-cell heterogeneity at
constant environmental conditions

various within

2) Analysis of specific cell clusters within cell-
lineages

3) Screening of environmental factors with
respect to growth and productivity of
microbial production strains

4) Qualitative and quantitative real-time
investigation of cell phenotypes
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Table 1: Summary of problems during PDMS chip fabrication, assembly and microfluidic single cell culturing.

Step

Problem

Possible Reason

Solution

Wafer fabrication

Trapped air bubbles in
SU-8 during soft bake

Increase of temperature
to fast

Switch back from 95°C to
65°C several times

Wafer fabrication

Disappearing and
broken SU-8 structures

Not optimal fabrication
procedure; mechanical
stress in SU-8 structures

Optimize parameter such
as baking time, exposure
time

Wafer fabrication

SU-8 layers to low or
high or uneven layer
thickness

Problem during spin
coating

Check spin-coater
parameters and chuck

Chip Bonding and
assembly

Collapsing PLBRs

Bonding parameters not
optimal

Adjust power,
oxygenation time and
baking time after bonding

Chip Bonding and

Dirty structures and

Chip was not properly

Intensify scotch-tape

assembly particles in the PLBRs cleaned cleaning steps
Chip Bonding and | No bonding Bonding parameters not Check settings of oxygen
assembly optimal or not optimal plasma

cleaned
Microfluidic Leakage Inlet/outlet hole was not Optimize hole punching
Experiment properly punched process
Microfluidic Many small PDMS Hole was not properly Optimize hole punching
Experiment particles during filling punched process
Microfluidic No cell growth Potentially remaining Flush chip more

Experiment,
biological aspect

solvent from cleaning
procedure

extensively prior cell
loading or let solvent
evaporate prior bonding

Microfluidic
Experiment,
biological aspect

Changing growth rates

Various reasons

Check pre-culture and
temperature

Microfluidic
Experiment,
biological aspect

Cell morphology
changes during
cultivation

Nutrient limitations or
temperature shift

Check incubator and flow

Microfluidic
Experiment,
technical aspect

Time-lapse series loses
focus

Qil between glass plate
and stage

Prevent touching of oil film
with microscopic stage

Microfluidic
Experiment,
technical aspect

Drift in position

No equilibrium in
temperature

Check temperature profile
prior experiments until no
oscillation

Microfluidic

Loos of cells during

Slightly to high reactor

Use new wafer/ other chip

Experiment, cultivation height through fabrication | position
technical aspect tolerance in SU-8 height
Microfluidic No trapping To low reactor height Use new wafer/ other chip

Experiment,
technical aspect

through fabrication
tolerance in SU-8 height

position
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6 Materials

Name

Material

Wafer

SU-8 2000,5

SU-8 2010

SU-8 Developer
Polydimethylsiloxane (PDMS)

Needles

Glass plates
Hole puncher

Tubing

Syringes
Syringes

Chemicals
(NH,)250,

Urea

KH,PO,

K,HPO,

MgSO, x 7 H,0
MOPS

FeSO, x 7 H,0
MnSO,4 x H,O
ZnSO, x 7 H,0
CuSo,

NiCl, x 6 H,0
CaCl,

Biotin
Procatechuic acid
Glucose-Monohydrate
BHI

Cells

Corynebacterium
glutamicum

Escherichia coli

Equipment
Wafer Cleaner
Spin Coater
Mask Aligner
Hot Plate

Oven

Plasma Cleaner
Syringe pumps
Magnetic stirrer
Microscope
Centrifuge
Photometer
Incubator
Profilometer

Catalog
Number

Company

Si-MAT

MicroChem

MicroChem

Micro Resist Technology
Dow Corning

Nordsen EFD

Schott AG, Germany
Harris Uni-Core

Tygon

Braun 552-183143

ILS

ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
ROTH
Becton, Dickinson

DSMZ
DSMZ

Solid State Equipment LLC
SPS Europe B.V.

Karl Suess

Torrey Pines Scientific
Memmert

Diener Electronics
Cetoni GmbH

Stuart

Nikon

Eppendorf

Eppendorf

GFL

Veeco

9776501
6132000008

VWR 442-0304

Comments

P/BOR <100>

mr DEV- 600
Sylgard 184 Slilicone Elastomer Kit

Precision Tips 27 GA; ID =0.2 mm, OD = 0.42
mm

D263 T eco,30mm 625 mMm 6
0.17 mm

AKA 5130-B-90

Tygon S-54-HL, ID =
0.25 mm, OD =0.76 mm

Disposable Syringes — Omnifix Spritzen
BRAUN Omnifix 40 Duo, 1 ml

1ml sterile glass syringes

ATTC 13032
MG 1655

SSEC 3300

SPIN150 -NPP

Karl Suess, MA-6

HP30A -2

UN 200

Femto Plasma Cleaner
neMESYS Syringe pumps
CB 162

Nikon Eclipse Ti

Minispin plus “black line”
Eppendorf BioPhotometer plus
Incubatorsystem 3031
Dektak 150 Stylus Profiler
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The two-component system ChrSA is crucial for
haem tolerance and interferes with HrrSA in haem-
dependent gene regulation in Corynebacterium
glutamicum

Antonia Heyer,' Cornelia Gatgens,' Eva Hentschel," Jom Kalinowski,?
Michael Bott' and Julia Frunzke'

"Institut fir Bio- und Geowissenschaften, IBG-1: Biotechnologie, Forschungszentrum Jiilich,
Germany
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We recently showed that the two-component system (TCS) HrrSA plays a central role in the
control of haem homeostasis in the Gram-positive soil bacterium Corynebacterium glutamicum.
Here, we characterized the function of another TCS of this organism, ChrSA, which exhibits
significant sequence similarity to HrrSA, and provide evidence for cross-regulation of the two
systems. In this study, ChrSA was shown to be crucial for haem resistance of C. glutamicum by
activation of the putative haem-detoxifying ABC-transporter HrtBA in the presence of haem.
Deletion of either hrtBA or chrSA resulted in a strongly increased sensitivity towards haem. DNA
microarray analysis and gel retardation assays with the purified response regulator ChrA revealed
that phosphorylated ChrA acts as an activator of hrtBA in the presence of haem. The haem
oxygenase gene, hmuO, showed a decreased mRNA level in a chrSA deletion mutant but no
significant binding of ChrA to the hmuO promoter was observed in vitro. In contrast, activation
from Pp,,.0 fused to eyfp was almost abolished in an hrrSA mutant, indicating that HrrSA is the
dominant system for haem-dependent activation of AmuO in C. glutamicum. Remarkably, ChrA
was also shown to bind to the hrrA promoter and to repress transcription of the paralogous
response regulator, whereas chrSA itself seemed to be repressed by HrrA. These data suggest a
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close interplay of HrrSA and ChrSA at the level of transcription and emphasize ChrSA as a
second TCS involved in haem-dependent gene regulation in C. glutamicum, besides HrrSA.

INTRODUCTION

Haem plays an important role as a cofactor for proteins of
various functions and is used as an alternative source of
iron by many bacterial species (Andrews et al, 2003;
Nobles & Maresso, 2011; Skaar, 2010). To ensure sufficient
Fe? ™ supply but also avoid toxic intracellular levels, iron
uptake and utilization is usually tightly regulated at the
transcriptional level (Andrews et al, 2003; Hantke, 2001;
Skaar, 2010). Classical two-component systems (TCSs),
composed of a sensor histidine kinase and a cognate
response regulator, represent a typical regulatory module
to sense extracellular environmental stimuli and transduce

Abbreviations: EMSA, electrophoretic mobility shift assay; TCS, two-
component system; TSS, franscription start site.

Three supplementary tables and a more detailed method for the cloning
techniques used here are available with the online version of this paper.

The normalized and processed microarray data from this study are
available in the GEO database under accession no. GSF37327.

the information via protein phosphorylation to the level of
gene expression (Krell et al, 2010; Mascher et al, 20006;
Stock et al., 2000). Upon stimulus perception, the sensor
kinase undergoes autophosphorylation of a conserved
histidine residue; this phosphoryl group is subsequently
transferred to an aspartate residue of the response
regulator, which modulates gene expression by binding to
the promoter region of target genes (Laub & Goulian, 2007;
Stock et al., 2000; West & Stock, 2001).

The Gram-positive soil bacterium Corynebacterium gluta-
micum represents an important platform organism in
industrial biotechnology (Burkovski, 2008; Eggeling &
Bott, 2005). In total, 13 TCSs are encoded in the C.
glutamicum genome (Kocan et al., 2006), several of which
have been studied in more detail (Brocker et al., 2011; Bott
& Brocker, 2012; Schaaf & Bott, 2007; Schelder et al., 2011).
In a recent study, we demonstrated that the TCS HrrSA
exhibits a central function in the control of haem
homeostasis and haem utilization in C. glutamicum. In
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the presence of haem, the response regulator HrrA directly
represses haem biosynthesis genes and activates haem
oxygenase (hmuQ) as well as genes encoding haem-
containing components of the respiratory chain (Frunzke
et al., 2011). Expression of hrrA itself underlies control by
the global iron regulator DtxR, which represses transcrip-
tion from the promoter Pj,,4, downstream of hrr§, under
conditions of sufficient iron supply (Wennerhold & Bott,
2006). Under iron-limiting conditions, DtxR dissociates
from the hrrA promoter, thereby enabling the utilization of
alternative iron sources such as haem. Besides hrrA, DtxR
directly regulates the transcription of about 60 genes
involved in iron uptake and storage in response to iron
availability (Boyd et al, 1990; Frunzke & Bott, 2008;
Wennerhold et al., 2005; Wennerhold & Bott, 2006).

For haem utilization, C. glutamicum, as well as its pathogenic
relative Corynebacterium diphtheriae, depends on a haem
uptake apparatus composed of the ABC transporter
HmuTUV, several cell surface haem-binding proteins
(Allen & Schmitt, 2009, 2011; Drazek et al., 2000; Frunzke
et al, 2011) and a haem oxygenase (HmuO), which catalyses
the intracellular degradation of the tetrapyrrol ring to -
biliverdin, free iron (Fe’ ") and carbon monoxide (Kunkle &
Schmitt, 2007; Schmitt, 1997; Wilks & Schmitt, 1998).
Acquisition of haem, however, exposes the respective
organism to the toxicity associated with high levels of haem.
It was shown in a recent study that the haem-regulated ABC
transport system, HrtAB, is crucial for C. diphtheriae to cope
with elevated haem concentrations (Bibb & Schmitt, 2010).
The HrtAB system consists of the permease HrtB and the
ATPase HrtA and is widespread among Gram-positive
bacteria (Stauff et al., 2008; Stauff & Skaar, 2009a, b). In C.
diphtheriae, hrtBA expression was shown to be activated in
the presence of haem by the TCS ChrSA (Bibb et al., 2005;
Bibb & Schmitt, 2010). In previous studies, the ChrSA system
was described to activate expression of hmuO and repress
expression of the hemAC operon encoding haem biosynthesis
enzymes (Bibb et al,, 2007). Both targets, hmuO and hemAC,
are also controlled by the second haem-dependent TCS,
HrrSA, in C. diphtheriae (Bibb et al., 2005, 2007).

Previous studies in C. glutamicum and C. diphtheriae
revealed the TCSs HrrSA and ChrSA to have a global
function in the control of haem homeostasis; however, no
studies concerning the interplay of the two systems on the
transcriptional level have been performed so far. In this
report, we used genome-wide transcriptome analyses,
protein—-DNA interaction studies and promoter fusions to
identify direct target genes of ChrSA (previously named
CgtSR8) and study the interaction with the homologous
system HrrSA in C. glutamicum. Our data reveal that
HrrSA is the dominant system for the haem-dependent
activation of haem oxygenase in C. glutamicum, whereas
ChrSA plays a crucial role in haem tolerance mediated by
the HrtBA haem transport system. Furthermore, we
provide evidence for cross-regulation of both systems,
HrrSA and ChrSA, at the level of transcription.

METHODS

Bacterial strains, media and growth conditions. The bacterial
strains used in this study are shown in Table S1 (available with the
online version of this paper). For growth experiments, a 20 ml
preculture of CGXII minimal medium containing 4% (w/v) glucose
(Keilhauer et al., 1993) was inoculated from a 5 ml BHI (brain heart
infusion, Difco) culture after washing the cells with 0.9 % (w/v) NaCL
Cells were incubated overnight at 30 "C and 120 r.p.m. in a rotary
shaker. The trace element solution with or without iron as well as the
FeSO, or haemin (protoporphyrin IX with Fe* *) solution were added
from stock after autoclaving, as indicated. Standard CGXII minimal
medium contains 36 pM FeSO,. For the haemin stock solution,
haemin (Sigma Aldrich) was dissolved in 20 mM NaOH to 250 pM.
The main culture was inoculated from the second preculture to ODggg
1 in CGXII minimal medium containing 4 % (w/v) glucose and either
FeSO, or haemin as iron source. For cloning purposes Escherichia coli
DH5x was used; for overproduction of ChrA E. coli BL21(DE3)
(Studier & Moffatt, 1986). E. coli was cultivated in Luria—Bertani (LB)
medium at 37 °C or on LB agar plates. When necessary, kanamycin
was added at an appropriate concentration (50 pg ml ™" for E. coliand
25 ug ml~ " for C. glutamicum). For growth experiments on agar
plates the strains were grown in a 5 ml BHI culture overnight. The
stationary culture was diluted to ODggo 1 and dilution series (3 pl
each, 10" to 1077) were spotted on CGXII agar plates containing 4 %
(w/v) glucose and either 2.5 or 36 pM FeSO, with or without haemin.
Pictures of the plates were taken after incubation for 24 h at 30 °C.

Growth experiments in microtitre scale were performed in the
BioLector system (m2p-labs). Therefore, 750 pl CGXII containing
2% glucose (w/v) and different concentrations of FeSO4 (2.5 or
36 uM) or haemin (2.5-20 uM) were inoculated with cells from a
20 ml CGXIT preculture with iron-starved cells (0 uM FeSQ,) to
ODggo 1 and cultivated in 48-well flowerplates (m2p-labs) at 30 °C,
1200 r.p.m. and a shaking diameter of 3 mm. The production of
biomass was determined as the backscattered light intensity of sent
light with a wavelength of 620 nm (signal gain factor of 10);
measurements were taken in 10 min intervals. The average back-
scatter of non-growing wild-type cells (first 2 h of the wild-type in
CGXII minimal medium with 15 pM haemin) was used for
referencing. High fluctuations of low backscatter signals (non-
growing cells, Fig. 1) are due to technical limitations. For promoter
fusion studies, the eYFP chromophore was excited with 510 nm and
emission was measured at 532 nm (signal gain factor of 50). The
specific fluorescence (au) was calculated by the ¢YFP fluorescence
signal per backscatter signal (Kensy et al, 2009).

Cloning techniques. Routine methods were performed according to
standard protocols (Sambrook et al., 2001). Chromosomal DNA of C.
glutamicum ATCC 13032 was prepared (Eikmanns et al, 1994) and
utilized as template for PCR. DNA sequencing and oligonucleotide
synthesis were performed by Eurofins MWG Operon (Ebersberg,
Germany). Plasmids and oligonucleotides used in this work are listed
in Tables S1 and S2, respectively. A detailed description of the
construction of strains and plasmids is given in the supplementary
material.

DNA microarrays. The transcriptome of the deletion mutant AchrSA
grown on haem or FeSO, was compared with the wild-type using
whole-genome-based DNA microarrays. For this purpose, cells of a
BHI preculture were used for inoculation of a second preculture in
CGXII medium containing 1 uM FeSO,. For main culture, cells were
cultivated in CGXII minimal medium with 4% glucose (w/v)
containing either 2.5 uM FeSO, or haemin as iron source and
harvested at ODgpy 5—6 in pre-cooled (—20 °C) ice-filled tubes via
centrifugation (6900 g, 10 min, 4 °C). The cell pellet was subse-
quently frozen in liquid nitrogen and stored at —70 °C until RNA

http://mic.sgmjournals.org
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Fig. 1. Growth phenotype of C. glutamicum ATCC 13032 wild-type, AchrSA and AhrtBA mutants. (a) For growth on agar
plates, cells were spotted on CGXIl minimal medium plates in serial dilutions containing either 2.5 pM FeSO,, 2.5 pM haemin
or 36 uM FeSOy plus 2.5 1M haemin. (b) For growth in liquid culture, cells were resuspended in 750 pl CGXIl minimal medium
containing 2.5 pM FeSO, or haemin (2.5—20 uM) and cultivated in 48-well flowerplates in a BioLector system (see Methods).
Growth was monitored as backscattered light (620 nm). Without iron, the cells reached a final backscatter value of about 50
(data not shown). Please note that the high fluctuations of backscatter values below 10 are due to technical limitations. Growth
curves show one representative experiment of three biological replicates.

preparation. The preparation of total RNA was performed as
described previously (Moker et al., 2004). For ¢cDNA synthesis,
25 ng total RNA from each sample was used. Labelling and
hybridization was performed with a 70-mer custom-made DNA
microarray purchased from Eurofins MWG Operon, as described
previously (Frunzke et al, 2008). All DNA microarray experiments
were repeated in three biological replicates. The normalized and
processed data were saved in the in-house microarray database (Polen
& Wendisch, 2004) for further analysis and in the Gene Expression
Omnibus (GEQO) database under accession no. GSE37327.

Overproduction and purification of ChrA. For the overproduction
of ChrA, E. coli BL21(DE3) was transformed with the vector pET28b-
chrA and cultivated in 200 ml LB medium. At ODgy, 0.6-0.8, the
expression of chrA was induced by addition of 1 mM IPTG. After 4 h
of expression at 30 °C, the cells were harvested by centrifugation
(4000 g at 4 "C, 10 min). The cell pellet was stored at —20 “C until
further use. For protein purification, the cell pellet was resuspended
in 3 ml TNI5 buffer (20 mM Tris/HCI pH 7.9, 300 mM NaCl and
5 mM imidazole) containing Complete protease inhibitor cocktail
(Roche). Cells were disrupted by passing through a French pressure

cell (SLM Ainco, Spectronic Instruments) twice at 207 MPa. The cell
debris was removed by centrifugation (6900 g, 4 "C, 20 min),
followed by ultracentrifugation of the cell-free extract for 1h
(150000 g, 4 °C). ChrA was purified from the supernatant via
Ni**-NTA (nickel-nitriloacetic acid) affinity chromatography as
described for C. glutamicum HrrA (Frunzke et al., 2011). ChrA was
eluted from the column with TNI100 buffer (containing 100 mM
imidazole) and analysed on a 12% SDS-polyacrylamide gel. Protein
concentration was determined with Bradford reagent (Bradford,
1976). Elution fractions of ChrA were pooled and the buffer was
exchanged to bandshift buffer [20 mM Tris/HCI, pH 7.5, 50 mM KClI,
5mM ATP, 10 mM MgCly,, 5% (v/v) glycerol, 0.5 mM EDTA,
0.005% (w/v) Triton X-100] using a PD10 desalting column (GE
Healthcare). The protein was stored in aliquots at —20 “C.

Electrophoretic mobility shift assay (EMSA). EMSAs were
performed with purified ChrA protein and DNA fragments of the
putative target genes. Promoter regions (500 bp) of the putative
target genes were amplified via PCR and purified by using the Qiagen
PCR purification kit. As a negative control, the promoter region of
the gntK gene was used. DNA (100 ng per lane) was incubated with
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different molar excesses of the purified ChrA protein at room
temperature for 30 min in bandshift buffer. For phosphorylation of
ChrA, 50 mM of the small phosphate donor phosphoramidate was
incubated with the protein before the DNA was added. After
incubation, sample buffer [0.1% (w/v) xylene cyanol dye, 0.1% (w/
v) bromophenol blue dye, 20% (v/v) glycerol in 1 x TBE (89 mM
Tris base, 89 mM boric acid, 2 mM EDTA)] was added and samples
were separated on a non-denaturing 10 % polyacrylamide gel with
170 V in 1x TBE buffer. DNA was stained using SYBR Green I
(Sigma-Aldrich). For verification of the ChrA binding motif, 30 bp
double-stranded oligonucleotides were assembled by hybridization of
two complementary oligonucleotides. The amount of shifted DNA
was quantified by using the ImageQuant TL software (GE Heathcare).

Identification of transcription start sites (TSSs) and promoter
regions by RNA-Seq. A 5'-end enriched RNA-Seq library was
constructed according to the following procedures. 1) Depletion of
stable rRNA and enrichment of mRNA molecules were performed
using the Ribo-Zero rRNA removal kit for Gram-positive bacteria
(Epicentre Biotechnologies). 2) The enriched mRNA was fragmented
by magnesium oxaloacetate (MgKOAc) hydrolysis. Four vols RNA
solution were mixed with one vol. MgKOAc solution (100 mM KOAc
and 30 mM MgOAc in 200 mM Tris/HCI, pH 8.1) and the mixture
was incubated for 2.5 min at 94 °C. The reaction was stopped by
adding an equal volume of 1 x TE (10 mM Tris, 1 mM EDTA, pH 8)
and chilling on ice for 5 min. 3) The fragmented RNA was
precipitated by addition of three vols 0.3 M NaAc in ethanol with
2 pl glycogen and incubation overnight at —20 °C. 4) The
precipitated RNA fragments were dissolved in water and the 5'-end
RNA fragments were enriched by using Terminator 5’-phosphate-
dependent exonuclease (Epicentre Biotechnologies). 5) After RNA
precipitation (as above), the triphosphates were removed using RNA
5'-polyphosphatase (Epicentre Biotechnologies). 6) After RNA
precipitation (as above), the 5’-enriched, monophosphorylated
RNA fragments were used to construct a cDNA library by using the
Small RNA Sample Prep kit (Illumina).

The fragmentation of RNA molecules (fragment sizes were 200—
500 bp) and RNA concentration were monitored using the RNA 6000
Pico Assay on an Agilent 2100 Bioanalyser (Agilent). Sequencing of
the cDNA library was carried out on the GA IIx platform (Illumina).
Resulting reads were aligned to the C. glutamicum genomic sequence
using the mapping software saRUMAN (Blom et al, 2011). TSS and
promoter regions were deduced by combining published information
about promoter regions in C. glutamicum (Patek & Nesvera, 2011)
with 5'-end enriched RNA-Seq data.

RESULTS

The TCS ChrSA (previously CgtSR8): sequence
similarities and genomic organization

In a previous study the TCS HrrSA was reported to play
a central role in the control of haem homeostasis in
C. glutamicum (Frunzke et al., 2011). In vitro DNA binding
studies with purified HrrA protein provided evidence that
the response regulator HrrA binds to the upstream
promoter region of an operon encoding another TCS,
chrSA (cg2201-¢g2200) (Kocan et al, 2006). This system
consists of the genes ¢g2200 (chrA, previously c¢gtRS),
encoding the response regulator ChrA, and ¢g2201 (chrS,
previously ¢gtS8), encoding the sensor kinase ChrS. Sequence
analysis revealed considerable similarity of ChrSA to the
recently described system HrrSA of C. glutamicum. The

sensor kinases, ChrS and HrrS, share a sequence identity of
about 35%, whereas the response regulators, ChrA and
HrrA, exhibit a sequence identity of about 58% at the
protein level (Table 1). Both systems also share significant
similarities with HrrSA and ChrSA of C. diphtheriae. A
pairwise comparison is given in Table 1. In terms of
consistency with the previously described orthologous
system of C. diphtheriae, we renamed CgtSR8 to ‘ChrSA’
for C. glutamicum.

RNA sequencing experiments indicated that, in contrast
with the h#rSA operon, where a second promoter is located
upstream of hrrA, the genes chrSA form a classical operon
with one promoter upstream of chrS (Table S3). The start
codon of chrA overlaps with the stop codon of chrS.
Divergently from c¢hrSA (intergenic region of 110 bp) the
operon hrtBA is located, encoding the permease (HrtB)
and ATPase (HrtA) components of an ABC-type transport
system. Microsynteny is observed at this genomic locus
consisting of a classical TCS and an operon encoding a
‘haem-regulated transport system’, which is highly con-
served in Gram-positive bacteria. The transporter HrtAB
has been described to be involved in export of haem or
degradation products thereof (Stauff & Skaar, 2009a).
These findings suggest that the TCS ChrSA might interfere
in the control of haem homeostasis with the recently
reported system HrrSA in C. glutamicum.

Deletion of chrSA leads to increased haem
sensitivity

To characterize the role of the TCS ChrSA in haem
utilization, we constructed an in-frame deletion mutant
lacking the genes chrA and crS. In first experiments, we
analysed the haem tolerance of the deletion mutant AchrSA
and the C. glutamicum wild-type. Growth of the strains was
compared on agar plates or in liquid culture containing
either haemin or FeSO, as iron source. Growth in liquid
culture (2.5 uM FeSO, or 2.5-20 uM haemin) was
performed in microtitre plates (48-well flowerplates, see

Table 1. Sequence identities of the TCSs ChrSA and HrrSA of
C. glutamicum and C. diphtheriae

http://mic.sgmjournals.org

Amino acid sequence identity (%)
Response regulators 1 2 3 4
ChrA_Cg2200 (1) 100 - - -
ChrA_DIP2327 (2) 44 100 - -
HrrA_Cg3247 (3) 58 52 100 -
HrrA_DIP2267 (4) 55 50 86 100
Sensor kinases 5 6 7 8
ChrS_Cg2201 (5) 100 - - -
ChrS_DIP2326 (6) 29 100 G -
HrrS_Cg3248 (7) 35 25 100 -
HrrS_DIP2268 (8) 35 25 5l 100
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Methods) where C. glutamicum exhibits similar growth
properties as in shake flasks.

When cultivated with FeSO, as an iron source, both wild-
type and AchrSA showed the same growth phenotype on
agar plates and in liquid minimal medium (Fig. 1). Grown
on 2.5 pM haemin, AchrSA revealed a strong growth defect
on plates (Fig. 1a). Under iron-replete conditions, the same
phenotype was observed in the presence of haem (36 uM
FeSO, and 2.5 uM haemin), indicating that the observed
phenotype is a result of the elevated haem concentration
and is not influenced by the iron concentration (Fig. 1a). In
liquid culture, the presence of 2.5 pM haemin resulted in a
decelerated growth rate and a lower final backscatter signal
for both strains. The addition of 5 uM haemin extended
the lag phase and resulted in a higher final backscatter
compared with cells grown on 2.5 pM haemin, indicating
that iron is a limiting factor under the chosen conditions.
Higher haemin concentrations (10-20 pM) led to a propor-
tional extension of the lag phase after which cells started to
grow again with a growth rate comparable to cells grown on
iron (Fig. 1b). Again, the mutant strain AchrSA exhibited a
higher sensitivity towards elevated haemin concentrations
(10-20 uM haemin). This delayed growth of the tested
strains and the fact that the cells resume growth after the lag
phase with an unaltered growth rate or final density led to
the assumption that the added haemin is degraded in the
culture medium over time until the concentration drops
under a certain threshold. This tolerable limit would then be
higher for the wild-type than for AchrSA. The observed
phenotype of the AchrSA mutant was complemented by
transformation with the plasmid pJCI-chrSA, expressing
chrSA under the control of its native promoter (Fig. 1).
Overall, these findings emphasize a central role of ChrSA in
haem detoxification.

The HrtBA transporter confers resistance towards
haem toxicity

Growth experiments revealed a significant haemin sensitivity
of the AchrSA mutant. As outlined in the Introduction, the
genes hrtBA, located divergently to chrSA, encode a putative
‘haem regulated transporter’ (Bibb & Schmitt, 2010; Stauff &
Skaar, 2009b). Thus, a lowered expression of hrtBA in the
AchrSA mutant could be a reason for the observed haem
sensitivity of the AchrSA mutant. In order to investigate the
function of the putative transport system HrtBA in C.
glutamicum, an in-frame deletion mutant of the genes hrtB
and hrtA was constructed. As observed for AchrSA, the
growth of AhrtBA was not affected when FeSO, was added as
sole iron source. In the presence of haemin, AhrtBA exhibited
a significant growth defect, both on agar plates and during
liquid cultivation (Fig. 1). This phenotype was complemen-
ted by transformation of AhrtBA with the plasmid pEKEx2-
hrtBA carrying the hrtBA operon under the control of the
IPTG-inducible P, promoter, which allows a basal gene
expression even in the absence of IPTG. The strain AhrtBA/
pEKEx2-hrtBA showed wild-type-like tolerance towards high

haemin concentrations (Fig. 1). Induction of hrtBA expres-
sion by addition of IPTG led to a strong growth defect (data
not shown). In the next step, we tested our hypothesis that
reduced expression of hrtBA might be the reason for the
observed growth phenotype of the AchrSA mutant and
examined whether plasmid-driven expression of hrtBA in
AchrSA could restore wild-type-like growth. In fact, the
cross-complemented strain AchrSA/pEKEx2- hrtBA exhibited
wild-type-like growth on agar plates containing 2.5 pM
haemin (Fig. 1a). These data indicate that HrtBA plays a key
function in haem detoxification in C. glutamicum and suggest
a role of ChrSA in the control of hrtBA expression.

Transcriptome analysis of a AchrSA mutant strain

To identify additional potential target genes of ChrSA we
assessed the influence of ChrSA on global gene expression
via comparative transcriptome analysis of the AchrSA
mutant and C. glutamicum wild-type grown in CGXII
minimal medium with 4 % glucose and either 2.5 uM FeSO,
or 2.5 uM haemin as iron source. Genes whose mRNA level
showed a more than twofold alteration in either experiment
(FeSO, or haemin) are listed in Table 2. In cells grown on
FeSQ,, the deletion of chrSA had no significant influence on
global gene expression. When cultivated with haemin as an
iron source, the relative expression level of hrtBA (coding for
the putative haem transport system HrtBA) was two- to
threefold decreased in the AchrSA mutant.

Likewise, the expression of hmuO, encoding the haem
oxygenase, was nearly sevenfold decreased in the presence
of haemin, but showed no difference on iron as well.
Expression of hmuO is also described as being under
control of the global iron regulator DtxR in C. glutamicum
(Wennerhold & Bott, 2006). In our studies, the AchrSA
mutant showed a slightly reduced expression (1.3- to 2-
fold) of several DtxR target genes (Table 2) composing the
typical iron starvation response. Among those, we found
the operon hmuTUV encoding a haem uptake system as
well as htaA, htaC and htaD encoding putative haem-
binding proteins. However, hmuO expression was signific-
antly decreased even more than the other DtxR targets.

Remarkably, the mRNA level of hrrA encoding the
response regulator of the TCS HrrSA was slightly increased
(approx. 1.5-fold) in the AchrSA mutant. Together with the
observed derepression of chrSA in a AhrrA mutant (Frunzke
et al., 2011) these data hint at a cross-regulation of both
systems at the level of transcription. Further genes exhibiting
an altered mRNA level include a regulator of unknown
function (cg3303) and the redox-sensing regulator qorR,
whose DNA-binding activity was reported to be affected by
oxidants (Ehira et al., 2009).

Identification of direct target genes of the
response regulator ChrA

To test for direct binding of the response regulator ChrA to
putative target promoters, we performed in vitro EMSA
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Table 2. Comparative transcriptome analysis of AchrSA and C. glutamicum wild-type

This table shows all genes that revealed a > twofold altered relative mRNA (P-value <0.06) level in at least two of three independent DNA
microarrays of C. glutamicum AchrSA versus wild-type grown on CGXII minimal medium with 4% (w/v) glucose and 2.5 pM FeSOy or haem as

iron source.

Gene ID Gene Annotation Ratio Ratio
2.5 uM FeSO,* 2.5 pM haem*
TCSs
cg3247 hrrA TCS, response regulator 1.03 1.45
cg3248 hrrS TCS, signal transduction histidine kinase 1.01 0.86
Haem homeostasis-related genes
cg2202 hrtB ABC-type transport system, permease component 1.05 0.64
cg2204 hrtA ABC-type transport system, ATPase component 1.17 0.33
cg2445 hmuO Haem oxygenase 0.96 0.16
cg0466 htaA Secreted haem transport-associated protein 0.97 0.48
cg0467 hmuT Haemin-binding periplasmic protein precursor 0.89 0.68
cg0468 hmuU Haemin transport system, permease protein 1.03 0.66
cg0469 hmuV Haemin transport system, ATP-binding protein 0.98 n.d.
Others
cg0018 Hypothetical membrane protein 1.02 2.02
cgl552 qorR Redox-sensing transcriptional regulator 1.00 2.07
cg2518 Putative secreted protein 1.01 2.03
cg2845 pstC ABC-type phosphate transport system, permease 0.93 217
component
cg3303 Transcriptional regulator, PadR-like family 0.95 2.20

*The mRNA ratio represents the mean value of three independent DNA microarray experiments.

studies with purified ChrA. To this end, ChrA was
overproduced in E. coli containing an N-terminal hexa-
histidine tag and purified by affinity chromatography.
Purified ChrA was phosphorylated by the addition of the
small-molecule phosphate donor phosphoramidate, which
led to an approximately two- to threefold increased affinity
of ChrA~P to the tested DNA fragments.

In our assays, a clear binding of ChrA to the intergenic
region of chrSA and hrtBA was detected (Fig. 2a). A
complete shift was observed upon addition of a 30- to 50-
fold molar excess of phosphorylated ChrA. Under these
conditions neither the negative control (gntK, cg2732) nor
the promoter region of htaA was bound by ChrA (data not
shown). Binding of ChrA to a DNA fragment covering the
promoter of hrrA was also observed, however, with a lower
affinity than binding to hrtBA-chrSA. Notably, the
promoter region of hmuO whose expression level was
significantly decreased (sevenfold) in the AchrSA mutant
was not bound by ChrA in this assay.

In further EMSA assays, the binding region of ChrA to
the promoters of hrtBA—chrSA and hrrA was narrowed
down to DNA fragments of about 30 bp. Positive sub-
fragments covering the binding motif of ChrA showed a
comparable shift from the originally tested fragments (Fig.
2b). For the hmuO promoter region EMSA assays with a
subfragment covering the region upstream of the DtxR-
binding region (—45 bp upstream of the TSS) showed a
slightly different picture to the negative control, suggesting

very low affinity binding of ChrA in vitro. Whether this
binding is of physiological relevance has to be verified in
further studies.

Mutational analysis of the ChrA-binding motif

Sequence analysis of the 30 bp DNA fragment in the
intergenic region of hrtBA and chrSA revealed a small
inverted repeat (CGACcaaaGTCG). To assess the relevance
of this repeat for ChrA binding we performed mutational
analysis of the whole 30 bp fragment. For this purpose,
three to four nucleotides were exchanged for the comple-
mentary ones and the mutated fragments were tested in gel
retardation analysis. The exchange of small inverted repeats
abolished ChrA binding, whereas the exchange of adjacent
nucleotides or the four nucleotides in between the repeat
led to reduced ChrA affinity towards the particular DNA
fragment (Fig. 3). Mutations outside of the motif did
not affect ChrA binding. Overall, the mutational analysis
supported the relevance of the inverted repeat for binding of
ChrA and revealed the sequence AgTaCGACcaaaGTC-
GgAtT as binding motif in the intergenic region of hrtBA—
chrSA. A motif with considerable sequence identity was also
found in the promoter region of hrrA (Fig. 4). A 30 bp
fragment covering this predicted motif exhibited a clear
binding by ChrA in EMSA assays (Fig. 2b).

Fig. 4 illustrates the position of the ChrA binding sites in
relation to the TSS of the respective target gene. The TSS
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Fig. 2. DNA-protein interaction studies of ChrA and putative
target promoters. (a) For gel retardation assays, 500 bp DNA
fragments covering the promoter regions of hrtBA—chrSA, hrrA
and hmuQO were incubated without or with different molar excesses
of phosphorylated ChrA (0- to 50-fold). The promoter region of
gntK served as control fragment. For phosphorylation, purified
ChrA protein was preincubated with 50 mM phopshoramidate
(see Methods). Samples were separated on a 10% non-
denaturing polyacrylamide gel and stained with SYBR green |I.
(b) As described in (a), 30 bp DNA fragments covering the
putative binding site of ChrA. Samples were separated on a 15 %
non-denaturing polyacrylamide gel.

has been determined by RNA sequencing of the C.
glutamicum transcriptome (see Table S3). In the hriBA-
chrSA intergenic region the ChrA motif is located in
between the —35 regions of hrtBA and chrSA, a position
that would be in agreement with ChrA having an activating
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Fig. 3. Mutational analysis of the ChrA binding site in the
intergenic region of hrtBA—chrSA. To analyse the relevance of
different nucleotides for ChrA binding, a 30 bp DNA fragment
covering the putative ChrA binding site in the hrtBA-chrSA
intergenic region was mutated by an exchange of 3 to 4 bp to the
complementary base pairs, as indicated, and analysed via EMSA
studies. After incubation, the samples were separated on a 15%
non-denaturing polyacrylamide gel and stained with Sybr Green |.
+, Fragments that were shifted with unaltered affinity; (+), a shift
with lower affinity; —, fragments that were not shifted. The amount
of shifted DNA is given as a percentage and was quantified by
using ImageQuant TL (GE Healthcare) from three experimental
replicates (mean = D).

function on the expression of both operons. In the case of
hrrA, which showed a slightly increased mRNA level in the
AchrSA mutant, the ChrA binding site is located close to
the TSS and would support a proposed repressor function
of ChrA interfering at this locus with the binding of the
RNA polymerase (Madan Babu & Teichmann, 2003).

HrrSA and ChrSA interfere in haem-dependent
gene regulation

Previous studies revealed binding of the response regulator
HrrA to the hrtBA—chrSA intergenic region. In view of the
data reported in this study, HrrA and ChrA likely interfere
in the transcription control of hriBA and/or chrSA. To
study the influence of both TCSs in vivo we constructed
promoter fusions of the intergenic region of hrtBA—chrSA
fused to eyfp in both possible directions (P54 and Pjp4).
While the wild-type containing the reporter plasmids (WT/
pPICL-Py, pa-eyfp, WT/pJC1-P,s4-eyfp) exhibited no fluor-
escence when grown on iron, cells grown on haem showed
a significantly increased fluorescence signal in the lag
and early exponential phase (Fig. 5a). The AchrSA strain
transformed with the promoter fusion plasmids (AchrSA/
pPIC1-Pypa-eyfp, AchrSA/PJCL-Psa-eyfp) showed no
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Fig. 4. Localization of ChrA binding sites in the hrtBA—chrSA intergenic region and the hrrA promoter. Promoters were derived
from RNA sequencing experiments; the corresponding —10 and —35 regions are given in Table S3. The TSS is indicated as + 1
and the ChrA binding sites are shown as a black box, the DtxR binding site is shown as shaded box. The number below the
ChrA box indicates the distance to the TSS. The mRNA ratios were obtained from DNA microarray analysis [AchrSA mutant
versus wild-type (WT) grown on 2.5 uM haemin, see also Table 2]. Nucleotides conserved in both motifs are shaded in black.
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Fig. 5. Promoter studies of P.ys4, Phega and Pyyuo in wild-type and TCS mutants. For promoter studies, the promoters of
chrSA, hrtBA and hmuQ were fused to eyfp. C. glutamicum wild-type (black), AchrSA (blue), and AhrrSA (red) were cultivated
in CGXIl minimal medium with 2 % glucose in microtitre plates (a) with 2.5 pM FeSQ, (dotted lines) or 2.6 uM haemin (solid
lines) as iron source or (b) with 36 pM FeSO, with (solid lines) or without (dotted lines) 2.6 uM haemin. In the BioLector
system, the growth (backscatter signal of 620 nm light) and eYFP fluorescence (excitation 510 nm/emission 532 nm) were
monitored over 10 min intervals. The specific fluorescence was calculated as fluorescence signal per backscatter signal (given
in arbitrary units, au). Shown are representative experiments of three to four independent replicates.

http://mic.sgmjournals.org 3027



The two-component system ChrSA

Results 65

A. Heyer and others

significant fluorescent signal (Fig. 5a), indicating that
ChrSA is crucial for the haem-dependent activation of both
promoters. A similar response was observed under iron-
excess conditions (36 pM FeSQO,) in the presence of haem
(Fig. 5b). These data are in line with a positive autoregula-
tion of chrSA and a ChrA-dependent activation of hrtBA in
haem-grown cells. In a AhrrSA strain, lacking the genes hrrA
and hrr§ of the TCS HrrSA, a higher signal was detected for
both promoters (P4 and Pyy,s4) under iron limitation in
comparison with the wild-type, supporting the postulated
repressor function of HrrA on chrA (Fig. 5). Remarkably,
under iron-replete conditions, the activity of P34 and
Pjsa in the AhrrSA strain remained high throughout the
exponential and stationary growth phase and did not decline
to the background level.

HrrSA is crucial for the haem-dependent
activation of hmuO

Transcriptome analysis of the AchrSA mutant revealed a
significant reduction of the hmuO mRNA level in the
mutant strain when cultivated on haem. However, no
significant binding of ChrA was observed to the hmuO
promoter. In the following experiment we used a promoter
fusion of Pj,,,.0 to eyfp to further study the impact of the
TCSs HrrSA and ChrSA on hmuQ expression in vivo. In
contrast with Py,,za-eyfp and P54 eyfp whose expression
peaked in the early exponential phase, the wild-type
containing the Py,,,o-eyfp construct showed an increasing
signal during the exponential phase in cells grown on haem
as an iron source. In iron-grown cells (2.5 uM FeSO,),
hmuQ expression showed an increase later in the mid-
exponential phase, which correlates with the derepres-
sion of the iron starvation response controlled by DtxR
(Wennerhold & Bott, 2006). Under iron-replete conditions
(36 UM FeSQO,) the activity of Py,,,o was reduced to an
almost background level (Fig. 5b). In the absence of chrSA, a
similar course was observed during cultivation on iron,
whereas the increase of Pj,,,0 activity on haem-grown cells
was slightly delayed in the exponential phase (Fig. 5a) but
reached wild-type levels in the stationary phase. Remarkably,
the fluorescent signal was strongly diminished in a mutant
lacking hrrSA (AhrrSA/pJC1-Py,u0-eyfp). These data empha-
size a central role of HrrSA in haem-dependent activation of
hmuQ expression in C. glutamicum.

DISCUSSION

Many bacterial species rely on haem or haem proteins as
alternative sources of iron. Here, we showed that the TCS
ChrSA is the crucial regulatory system for resistance
towards haem toxicity in the non-pathogenic soil bac-
terium C. glutamicum. We identified the putative haem
exporter hrtBA and hrrA, which encodes the response
regulator HrrA of the homologue TCS HrrSA, as direct
target genes of the response regulator ChrA. The highest
binding affinity of purified ChrA was observed in the

presence of the phosphate donor phosphoramidate,
indicating that ChrA follows the classical model and is
active in its phosphorylated state (Gao et al, 2007; Stock
et al., 2000). This is consistent with recent studies where
the phosphotransfer from the soluble kinase domain of
ChrS to the response regulator ChrA was described for the
C. diphtheriae ChrSA system (Burgos & Schmitt, 2012).
The autophosphorylation of ChrS was shown to occur in
the presence of haemin in purified E. coli proteoliposomes,
indicating a direct interaction of ChrS with haem (Ito et al.,
2009).

The results described in this study support the prediction
that C. glutamicum ChrSA has a key function in activating
the expression of the divergently located operon hriBA in the
presence of haem. In fact, this function of ChrSA was
expected due to the conserved microsynteny of this genomic
locus where an operon of a TCS system is found in divergent
orientation to hrtBA encoding a putative ‘haem-regulated’
ABC-transport system. This genomic organization is highly
conserved among Gram-positive bacteria and homologous
HrtAB transport systems were described as being required
for coping with toxic haem concentrations for the species C.
diphtheriae, Staphylococcus aureus and Bacillus anthracis
(Bibb & Schmitt, 2010; Stauff et al., 2008). So far, this
transport system has mainly been described in pathogenic
species where it is of major importance during host
infection, when the bacteria are exposed to high haem
concentrations in the blood. The presence of hrtBA in the
genome of the non-pathogenic soil bacterium C. glutami-
cum might be a relic of evolution, as C. glutamicum is closely
related to several pathogenic Corynebacteria, such as C.
diphtheriae or Corynebacterium ulcerans (Yukawa et al,
2007). However, high haem tolerance might also be of
benefit in the soil, where haem is present in decaying organic
material and represents an attractive alternative iron source
for aerobic bacteria (Andrews et al, 2003). An alternative
regulatory mechanism of transcriptional regulation of hrtBA
has recently been reported for the Gram-positive commensal
bacterium Lactococcus lactis. Here, the cytoplasmic one-
component regulator HrtR was described as a crucial factor
for the haem-dependent activation of hrtBA (Lechardeur et
al., 2012). This mechanism is conserved among different
Gram-positive commensals and contrasts with the TCS-
mediated control described for several pathogenic species as
well as C. glutamicum.

By using gel retardation assays and mutational analysis, we
identified an imperfect inverted repeat (AgTaCGACcaaaG-
TCGgALtT) as a ChrA binding site within the hrtBA—chrSA
intergenic region. Five of the eight nucleotides composing
the inverted repeat are conserved in the binding site in the
hrrA promoter. A genome-wide motif search did not reveal
candidates for additional, putative binding sites of haem-
relevant genes, probably due to the poor conservation of
the motif. The motif revealed only weak similarities to the
identified ChrA binding motif upstream of C. diphtheriae
hrtBA (CatATCAACCagtcGGTTGATggG) or with the motif
of the ChrA orthologues HssR from S. aureus and B.
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anthracis (Bibb & Schmitt, 2010; Burgos & Schmitt, 2012;
Stauft & Skaar, 2009b). However, our data reveal differences
in the network composition of C. glutamicum ChrSA
and HrrSA in comparison to what is known for the C.
diphtheriae systems. An adequate example therefore is the
haem-dependent gene regulation of the haem oxygenase
(hmuO). Whereas ChrSA was reported to be the prominent
system involved in haem-dependent hmuO activation in C.
diphtheriae (Bibb et al,, 2005, 2007), promoter fusion studies
in this work emphasize HrrSA to hold this function in C.
glutamicum, since almost no signal of the Pp,.o-evfp
construct was observed in a AhrrSA mutant. Reduced
hmuO expression was also observed in a AchrSA mutant by
transcriptome analysis, but promoter fusion studies sug-
gested that this effect might rather be due to delayed hmuO
expression in the early and mid-exponential phase. Whether
this effect is directly mediated by ChrA is currently unclear
as no significant binding of ChrA to the hmuO promoter
was observed in our in vitro studies. A potential binding
motif that shares slight similarity to the C. diphtheriae motif
is located upstream of the DtxR binding site in the hmuQO
promoter (—45: TCCAACTAAGGGACTA). A binding
motif for HrrA has not been reported so far but binding
of HrrA is also likely to be located in this promoter region
(upstream of —35). As the two response regulators ChrA
and HrrA share significant sequence identity (62 % sequence
identity in the DNA-binding helix—turn—helix motif), it can
be speculated whether both regulators might bind to
overlapping or even identical regions with different affinities
— a question which will be addressed in following studies.

Although the HrrSA and ChrSA systems share high
sequence similarity, the genomic organization differs. In
contrast with chrSA, hrrA expression is repressed by the
global iron regulator DtxR under iron sufficiency and is
derepressed when iron becomes limiting (Wennerhold &
Bott, 2006) (Fig. 6). This control of hrrA by DtxR seems not
to be present in C. diphtheriae (Bibb et al., 2007). Variations
in the regulatory network composition in these closely
related species may be surprising; however, sequence analysis
revealed striking differences between Corynebacterium spe-
cies regarding their TCS equipment (Bott & Brocker, 2012).
With respect to HrrSA and ChrSA, several corynebacterial
genomes contain only one of the two systems; both sys-
tems together were identified in the C. glutamicum species
C. diphtheriae, C. pseudotuberculosis and C. lipophiloflavum
(Bott & Brocker, 2012; Cerdefo-Tarraga et al, 2003;
Kalinowski et al., 2003; Trost et al., 2010; Yukawa ef al.,
2007). These findings indicate significant variation at the
species level and suggest an individual network constitution
meeting the requirements of each particular species.

The fact that both TCSs HrrSA and ChrSA are involved in
haem-dependent gene regulation already suggests that the
two systems might interact with each other. Here, we
provided evidence for a cross-regulation of HrrSA and
ChrSA at the level of transcription. In our previous studies,
we observed a weak binding of HrrA to the intergenic region
of hrtBA—chrSA (Frunzke et al., 2011). This result is further

@D D
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Fig. 6. The current model of ChrSA and HrrSA cross-regulation in
C. glutamicum. Based on current insights, ChrSA is the prominent
system required for dealing with haem toxicity and activates hrtBA
expression in the presence of haem. Under iron limitation, chrSA is
repressed by HrrA to avoid haem export when haem is required as
an alternative iron source. As a balancing counterpart, hrrA itself,
but not hrrS, is repressed by ChrA. Altogether, the current results
emphasize a high level of regulatory network linkage to balance
haem detoxification and the use of haem as a protein cofactor and
alternative iron source.

supported by the finding that expression from P54 is
increased in a AhrrSA mutant indicating repression of chrSA
by the homologous system (Fig. 5). This effect is especially
obvious under iron limitation where HrrSA seems to be the
dominating system ensuring additional iron supply from
haem by the activation of haem oxygenase (Fig. 5).
Additionally, our data suggest haem-dependent repression
of hrrA by ChrA. Our current model shown in Fig. 6
emphasizes that this cross-regulation acts as a balancing act
to avoid toxic levels on the one hand and ensure iron
acquisition on the other hand. Remarkably, this cross-
regulation only affects the expression of hrrA and not hrrS,
which seems to be expressed at a constitutively low level; no
significant difference in the level of hrrS mRNA was
observed in transcriptome comparisons of AchrSA and
wild-type. A further level of interaction was suggested in
previous studies of the C. diphtheriae systems, which
provided evidence for in vivo cross-talk by phosphoryl
transfer of HrrSA and ChrSA (Bibb er al, 2005, 2007).
Altogether, these data provide striking evidence for a close
link between the HrrSA and ChrSA systems and further
studies are required to understand the interplay between
these TCSs and the physiological relevance thereof.

ACKNOWLEDGEMENTS

We thank Melanie Brocker and Christina Mack for providing us with
the AhrrSA strain and for vital discussions, Arun Nanda for critical
reading of this manuscript and Tino Polen for support of DNA
microarray analysis. The RNA sequencing work received valuable help

http://mic.sgmjournals.org

3029



The two-component system ChrSA

Results 67

A. Heyer and others

from Katharina Pfeifer and Christian Riickert (CeBiTec, Bielefeld
University). This work was supported by the Helmholtz Association
(grant VH-NG-716 to J.F.) and by a grant from the Ministery of
Innovation, Science, Research and Technology of the German Federal
State Northrhine-Westfalia (grant 280371902 to J.K.).

REFERENCES

Allen, C. E. & Schmitt, M. P. (2009). HtaA is an iron-regulated hemin
binding protein involved in the utilization of heme iron in
Corynebacterium diphtheriae. ] Bacteriol 191, 2638-2648.

Allen, C. E. & Schmitt, M. P. (2011). Novel hemin binding domains in
the Corynebacterium diphtheriae HtaA protein interact with hemo-
globin and are critical for heme iron utilization by HtaA. J Bacteriol
193, 5374-5385.

Andrews, S. C., Robinson, A. K. & Rodriguez-Quifiones, F. (2003).
Bacterial iron homeostasis. FEMS Microbiol Rev 27, 215-237.

Bibb, L. A. & Schmitt, M. P. (2010). The ABC transporter HrtAB
confers resistance to hemin toxicity and is regulated in a hemin-
dependent manner by the ChrAS two-component system in
Corynebacterium diphtheriae. | Bacteriol 192, 4606—4617.

Bibb, L. A, King, N. D., Kunkle, C. A. & Schmitt, M. P. (2005). Analysis
of a heme-dependent signal transduction system in Corynebacterium
diphtheriae: deletion of the chrAS genes results in heme sensitivity and
diminished heme-dependent activation of the hmuO promoter. Infect
Immun 73, 7406-7412.

Bibb, L. A, Kunkle, C. A. & Schmitt, M. P. (2007). The ChrA-ChrS and
HrrA-HrrS signal transduction systems are required for activation of
the hmuQ promoter and repression of the hemA promoter in
Corynebacterium diphtheriae. Infect Immun 75, 2421-2431.

Blom, J., Jakobi, T., Doppmeier, D., Jaenicke, S., Kalinowski, J.,
Stoye, J. & Goesmann, A. (2011). Exact and complete short-read
alignment to microbial genomes using Graphics Processing Unit
programming. Bioinformatics 27, 1351-1358.

Bott, M. & Brocker, M. (2012). Two-component signal transduction in
Corynebacterium glutamicum and other corynebacteria: on the way
towards stimuli and targets. Appl Microbiol Biotechnol 94, 1131-1150.

Boyd, J., Oza, M. N. & Murphy, J. R. (1990). Molecular cloning and
DNA sequence analysis of a diphtheria tox iron-dependent regulatory
element (dtxR) from Corynebacterium diphtheriae. Proc Natl Acad Sci
U S A 87, 5968-5972.

Bradford, M. M. (1976). A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem 72, 248-254.

Brocker, M., Mack, C. & Bott, M. (2011). Target genes, consensus
binding site, and role of phosphorylation for the response regulator
MtrA of Corynebacterium glutamicum. ] Bacteriol 193, 1237—1249.

Burgos, J. M. & Schmitt, M. P. (2012). The ChrA response regulator in
Corynebacterium diphtheriae controls hemin-regulated gene expres-
sion through binding to the hmuO and hrtAB promoter regions.
] Bacteriol 194, 1717-1729.

Burkovski, A. (2008). Corynebacteria: Genomics and Molecular
Biology. Norfolk, UK: Caister Academic Press.

Cerdeno-Tarraga, A. M., Efstratiou, A., Dover, L. G, Holden, M. T.,
Pallen, M., Bentley, S. D., Besra, G. S., Churcher, C.,, James, K. D. &
other authors (2003). The complete genome sequence and analysis of
Corynebacterium diphtheriae NCTC13129. Nucleic Acids Res 31, 6516—
6523,

Drazek, E. S., Hammack, C. A. & Schmitt, M. P. (2000).
Corynebacterium diphtheriae genes required for acquisition of iron

from haemin and haemoglobin are homologous to ABC haemin
transporters. Mol Microbiol 36, 68—84.

Eggeling, L. & Bott, M. (editors) (2005). Handbock of Corynebacterium
glutamicum. Boca Raton, FL: Academic Press.

Ehira, S., Ogino, H., Teramoto, H., Inui, M. & Yukawa, H. (2009).
Regulation of quinone oxidoreductase by the redox-sensing tran-
scriptional regulator QorR in Corynebacterium glutamicum. ] Biol
Chem 284, 16736—16742.

Eikmanns, B. J,, Thum-Schmitz, N., Eggeling, L., Lidtke, K. U. &
Sahm, H. (1994). Nucleotide sequence, expression and transcriptional
analysis of the Corynebacterium glutamicum gltA gene encoding citrate
synthase. Microbiology 140, 1817-1828.

Frunzke, J. & Bott, M. (2008). Regulation of iron homeostasis in
Corynebacterium  glutamicum. In  Corynebacteria: Genomics and
Molecular Biology, pp. 241-266. Edited by A. Burkovski. Norwich,
UK: Horizon Scientific Press.

Frunzke, J., Engels, V., Hasenbein, S., Gitgens, C. & Bott, M. (2008).
Co-ordinated regulation of gluconate catabolism and glucose uptake
in Corynebacterium glutamicum by two functionally equivalent
transcriptional regulators, GntRl and GntR2. Mol Microbiol 67,
305-322.

Frunzke, J., Gatgens, C., Brocker, M. & Bott, M. (2011). Control of
heme homeostasis in Corynebacterium glutamicum by the two-
component system HrrSA. J Bacteriol 193, 1212-1221.

Gao, R, Mack, T. R. & Stock, A. M. (2007). Bacterial response
regulators: versatile regulatory strategies from common domains.
Trends Biochem Sci 32, 225-234.

Hantke, K. (2001). Iron and metal regulation in bacteria. Curr Opin
Microbiol 4, 172-177.

Ito, Y., Nakagawa, S., Komagata, A., |keda-Saito, M., Shiro, Y. &
Nakamura, H. (2009). Heme-dependent autophosphorylation of a
heme sensor kinase, ChrS, from Corynebacterium diphtheriae
reconstituted in proteoliposomes. FEBS Lett 583, 2244-2248,

Kalinowski, J., Bathe, B. Bartels, D., Bischoff, N., Bott, M,
Burkovski, A., Dusch, N., Eggeling, L., Eikmanns, B. J. & other
authors (2003). The complete Corynebacterium glutamicum ATCC
13032 genome sequence and its impact on the production of L-
aspartate-derived amino acids and vitamins. J Biotechnol 104, 5-25.

Keilhauer, C., Eggeling, L. & Sahm, H. (1993). Isoleucine synthesis in
Corynebacterium glutamicum: molecular analysis of the ilvB-ilvN-ilvC
operon. | Bacteriol 175, 5595-5603.

Kensy, F., Zang, E., Faulhammer, C., Tan, R. K. & Bichs, J. (2009).
Validation of a high-throughput fermentation system based on online
monitoring of biomass and fluorescence in continuously shaken
microtiter plates. Microb Cell Fact 8, 31.

Kocan, M., Schaffer, S., Ishige, T., Sorger-Herrmann, U., Wendisch,
V. F. & Bott, M. (2006). Two-component systems of Corynebacterium
glutamicum: deletion analysis and involvement of the PhoS-PhoR
system in the phosphate starvation response. J Bacteriol 188, 724-732.

Krell, T, Lacal, J., Busch, A, Silva-Jiménez, H., Guazzaroni, M. E. &
Ramos, J. L. (2010). Bacterial sensor kinases: diversity in the
recognition of environmental signals. Annu Rev Microbiol 64, 539—
559,

Kunkle, C. A. & Schmitt, M. P. (2007). Comparative analysis of hmuQ
function and expression in Corynebacterium species. | Bacteriol 189,
3650-3654.

Laub, M. T. & Goulian, M. (2007). Specificity in two-component signal
transduction pathways. Annu Rev Genet 41, 121-145.

Lechardeur, D., Cesselin, B., Liebl, U., Vos, M. H., Fernandez, A.,
Brun, C,, Gruss, A. & Gaudu, P. (2012). Discovery of intracellular
heme-binding protein HrtR, which controls heme efflux by the

3030

Microbiology 158



68 Results

The two-component system ChrSA

The two-component system ChrSA

conserved HrtB-HrtA transporter in Lactococcus lactis. J Biol Chem
287, 47524758.

Madan Babu, M. & Teichmann, S. A. (2003). Functional determinants
of transcription factors in Escherichia coli: protein families and
binding sites. Trends Genet 19, 75-79.

Mascher, T., Helmann, J. D. & Unden, G. (2006). Stimulus perception
in bacterial signal-transducing histidine kinases. Microbiol Mol Biol
Rev 70, 910-938.

Méoker, N., Brocker, M., Schaffer, S.,, Kramer, R.,, Morbach, S. &
Bott, M. (2004). Deletion of the genes encoding the MtrA-MtrB two-
component system of Corynebacterium glutamicum has a strong
influence on cell morphology, antibiotics susceptibility and expres-
sion of genes involved in osmoprotection. Mol Microbiol 54, 420-438.
Nobles, C. L. & Maresso, A. W. (2011). The theft of host heme by
Gram-positive pathogenic bacteria. Metallomics 3, 788-796.

Patek, M. & Nesvera, J. (2011). Sigma factors and promoters in
Corynebacterium glutamicum. | Biotechnol 154, 101-113.

Polen, T. & Wendisch, V. F. (2004). Genomewide expression analysis
in amino acid-producing bacteria using DNA microarrays. Appl
Biochem Biotechnol 118, 215-232.

Sambrook, J., MacCallum, P. & Russell, D. (2001). Molecular Cloning:
a Laboratory Manual, 3rd edn. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory.

Schaaf, S. & Bott, M. (2007). Target genes and DNA-binding sites of
the response regulator PhoR from Corynebacterium glutamicum.
J Bacteriol 189, 5002-5011.

Schelder, S., Zaade, D., Litsanov, B., Bott, M. & Brocker, M. (2011).
The two-component signal transduction system CopRS of
Corynebacterium glutamicum is required for adaptation to copper-
excess stress. PLoS ONE 6, 22143,

Schmitt, M. P. (1997). Transcription of the Corynebacterium
diphtheriae hmuO gene is regulated by iron and heme. Infect
Immun 65, 4634—-4641.

Skaar, E. P. (2010). The battle for iron between bacterial pathogens
and their vertebrate hosts. PLoS Pathog 6, €1000949.

Stauff, D. L. & Skaar, E. P. (2009a). The heme sensor system of
Staphylococcus aureus. Contrib Microbiol 16, 120-135.

Stauff, D. L. & Skaar, E. P. (2009b). Bacillus anthracis HssRS
signalling to HrtAB regulates haem resistance during infection. Mol
Microbiol 72, 763-778.

Stauff, D. L., Bagaley, D., Torres, V. J,, Joyce, R, Anderson, K. L,
Kuechenmeister, L, Dunman, P. M. & Skaar, E. P. (2008).
Staphylococcus aureus HrtA is an ATPase required for protection
against heme toxicity and prevention of a transcriptional heme stress
response. | Bacteriol 190, 3588-3596.

Stock, A. M., Robinson, V. L. & Goudreau, P. N. (2000). Two-
component signal transduction. Annu Rev Biochem 69, 183-215.

Studier, F. W. & Moffatt, B. A. (1986). Use of bacteriophage T7 RNA
polymerase to direct selective high-level expression of cloned genes.
J Mol Biol 189, 113-130.

Trost, E., Ott, L., Schneider, J., Schroder, J., Jaenicke, S., Goesmann, A,
Husemann, P, Stoye, J, Dorella, F. A. & other authors (2010). The
complete genome sequence of Corynebacterium  pseudotuberculosis
FRC41 isolated from a 12-year-old girl with necrotizing lymphadenitis
reveals insights into gene-regulatory networks contributing to virulence.
BMC Genomics 11, 728,

Wennerhold, J. & Bott, M. (2008). The DtxR regulon of
Corynebacterium glutamicum. ] Bacteriol 188, 2907-2918.

Wennerhold, J., Krug, A. & Bott, M. (2005). The AraC-type regulator
RipA represses aconitase and other iron proteins from Corynebacterium
under iron limitation and is itself repressed by DtxR. ] Biol Chem 280,
40500-40508.

West, A. H. & Stock, A. M. (2001). Histidine kinases and response
regulator proteins in two-component signaling systems. Trends
Biochem Sci 26, 369-376.

Wilks, A. & Schmitt, M. P. (1998). Expression and characterization of a
heme oxygenase (HmuO) from Corynebacterium diphtheriae. Iron
acquisition requires oxidative cleavage of the heme macrocycle. J Biol
Chem 273, 837-841.

Yukawa, H.,, Omumasaba, C. A, Nonaka, H., Kés, P., Okai, N.,
Suzuki, N., Suda, M., Tsuge, Y., Watanabe, J. & other authors (2007).
Comparative analysis of the Corynebacterium glutamicum group and
complete genome sequence of strain R. Microbiology 153, 1042-1058.

Edited by: J. Cavet

http://mic.sgmjournals.org

3031



The two-component system ChrSA Results 69

Name of the journal: Microbiology
Impact factor: 3.061
Contribution of own work: 75%

1. Author: Experimental work and writing of the manuscript



70 Disscusion

4 Discussion

4.1 Prophage induction of CGP3

Bacteriophages discovered to date are highly diverse and very abundant in nature (Hatfull &
Hendrix, 2011). Genomes are often interspersed with phage DNA, prophages or phage remnants,
accounting for up to 20% of the bacterial genome (Casjens, 2003). After the discovery of
bacteriophages in the 1920s, it took many decades until the regulatory networks of a few selected
model phages have been unraveled (Casjens, 2003; Lwoff, 1953). Nowadays, the regulatory circuit
controlling the bistable switch between lysogeny and lysis of the model phage lambda has become a

paradigm for gene regulation.

We focused on the prophage CGP3 in the genome of C. glutamicum, which was assumed to be
inactive, as successful prophage induction or plaque formation had not been reported for the strain
ATCC 13032 (Kalinowski, 2005). However, studies by Frunzke et al. revealed a spontaneous induction
of CGP3 even under non-stressful conditions, and showed increased expression of phage genes in a
mutant lacking the master regulator DtxR (AdtxR) of iron homeostasis (Frunzke et al., 2008).
Nevertheless, the mechanism of prophage induction of CGP3 has not yet been characterized in

detail.

In this work, the regulatory processes leading to CGP3 prophage induction were further explored.
The regulator Cg2040 was identified as a phage-encoded transcriptional regulator, but is, however,
not the central phage repressor of CGP3. The activation of CGP3 was shown to be at least partially
dependent on the SOS response. In further studies, a novel phage-encoded actin-like protein was
identified and characterized in vitro and in vivo. Furthermore, based on the increased activity of the
prophage CGP3 in AdtxR, the connection between DtxR and the two-component systems (TCS) HrrSA
and ChrSA, involved in heme homeostasis, came into focus (Wennerhold & Bott, 2006; Frunzke et al.,
2008). The response regulator HrrA, which is a target of DtxR, was found to regulate the expression
of chrSA, encoding a second TCS. Thus, the role of ChrSA in heme homeostasis and resistance was

also characterized during this thesis.

4.1.1 Activation of CGP3 upon induction of the SOS response

For phage A and other lambdoid-like phages, prophage induction is generally linked to the SOS
response of the host. In these temperate phages, genes of the lytic pathway are repressed by a
phage repressor during lysogeny. Nevertheless, it is beneficial for phages to enter the lytic pathway
upon stressful conditions, e.g. DNA damage, to secure their propagation over time (Hatfull &

Hendrix, 2011; Casjens, 2003).
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This work demonstrated a strong dependence of CGP3 prophage induction on the activation of the
SOS response in C. glutamicum. The SOS response was induced by the addition of mitomycin C
(MmC), an antibiotic agent that leads to the formation of single-stranded DNA strands by crosslinking
the DNA (Tomasz, 1995). Time-resolved transcriptome analysis of C. glutamicum cells treated with
MmC revealed not only the activation of LexA target genes (Jochmann et al., 2009), but also strongly
increased expression of CGP3 genes. The time-resolved data provide basal information about the
involvement of specific genes in the early or the late response of prophage induction, and represent
an important basis for preliminary classification of phage genes into functional groups. In analogy,
the life cycle of phage A is organized in modules, such as early or delayed early genes for the
establishment of lysogeny or phage replication, and late genes for virion assembly and cell lysis
(Oppenheim et al., 2005). However, only a few CGP3 genes exhibit similarities to known phage
genes, which impede the identification of key components for CGP3 induction (Kalinowski, 2005;

Frunzke et al., 2008).

The SOS response is involved in several processes, such as DNA recombination and repair and the
inhibition of cell division (Little & Mount, 1982). In C. glutamicum, the SOS response and the LexA
regulon are similar to the SOS response in E. coli to some extent (Jochmann et al., 2009). However,
17 out of 48 genes of the LexA regulon encode proteins of unknown function. The CGP3 prophage
genes cg1977, cg2026, and cg2034 were found to be directly repressed by LexA (Fig. 4.1) (Jochmann
et al., 2009). Since these phage genes also encode hypothetical proteins, a detailed amino acid
sequence analysis and a domain search by SMART analysis were performed (Blast (NCBI)
http://blast.ncbi.nlm.nih.gov/Blast.cgi, SMART (EMBL Heidelberg) http://smart.embl-heidelberg.de/,
(Letunic et al., 2012; Bouchard et al., 2002)). Whereas Cg2026 revealed affiliations to a group of
uncharacterized proteins conserved in bacteria (Pfam09954), Cg1977 showed a low sequence
identity to Na*/H" antiporters in Vibrio species (30%- 36%). Cg2034 inherits few similarities to a
putative anti-sigma factor in Sphingobacterium spiritivorum (37%) and an abort lactococcal phage
infection protein AbiTii from Lactococcus lactis (38%), which is involved in resistance to phage
infections (Bouchard et al., 2002). The restriction-modification system is encoded by genes cg1996-
cgl1998 in the CGP3 prophage region and is part of the LexA regulon (Schafer et al., 1997).

Nonetheless, the function of these genes in the C. glutamicum SOS response remains unclear.

In C. glutamicum, the sigma factor " influences the SOS response and plays a central role in
regulating heat-stress related genes and genes involved in disulfide stress response (Ehira et al.,
2009; Busche et al., 2012). It was shown that 6" directly controls the SOS target genes uvrA (cg1560)
and uvrC (cgl1795), encoding an excinuclease important for nucleotide-excision repair, as well as
uvrD3 (cg1555), coding for a helicase, and a cluster of DNA repair related genes (cg0184-cg0186).

Interestingly, LexA controls uvrA and ¢", which additionally links 6" to the SOS response and presents
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o" as a central regulator of this regulatory network in C. glutamicum (Busche et al., 2012). In
Staphylococcus aureus, the alternative sigma factor o" was found to influence the rate of
spontaneous prophage induction by modulating the integration of prophages (Tao et al., 2010). The
sigma factor ¢" binds to the promoter of int encoding the integrase in S. aureus, and a deletion of ¢"
reduced the expression of int and the rate of prophage excision. Additionally, ¢" altered the rate of
spontaneous lysis and was proposed to have a stabilizing effect on lysogeny. This suggested a novel
regulatory mechanism of prophage integration controlled by a host-encoded sigma factor (Tao et al.,
2010). However, no CGP3 prophage genes were detected as direct targets of o" in C. glutamicum
(Busche et al., 2012). A starting point for further studies would be the phenotype of deletion mutants
lacking the LexA-regulated phage genes under stressful conditions, which would provide first insights

regarding their impact on the SOS response and on CGP3 prophage induction.

4.1.2 The Cro/Cl-type regulator Cg2040

In this work, we started to uncover regulatory circuits of the prophage CGP3. A key element for
maintenance of prophage lysogeny is the presence of a central phage repressor (Campbell, 1994).
For phage A, the phage regulator Cl is a central factor for the retention of the lysogenic state during
the phage life cycle (Kaiser, 1957). Moreover, further regulators participate in the complex regulatory
network for the bistable balance between the lysogenic and lytic state (Dodd et al, 2005;
Oppenheim et al., 2005). During this work, the CGP3-encoded regulator Cg2040 of the HTH_3 family
(including Cl and Cro regulators, also named Cro/Cl family, Pfam PF01381) was identified (Pabo &
Lewis, 1982; Ohlendorf et al., 1983). Cg2040 was shown to repress its own expression
(autorepression) and the expression of the adjacent genes (Fig. 4.1). However, a significantly altered
CGP3 gene expression, as it was observed upon treatment with MmC, did not result from cg2040
deletion or overexpression. In addition, Cg2040 has almost no impact on CGP3 replication after
phage induction. Consequently, Cg2040 does not occupy the role as central phage regulator of CGP3

in analogy to Cl in phage A.

Notably, the amino acid residues alanine and glycine, which are important for LexA and Cl
autoproteolytic cleavage, were not only conserved in LexA of C. glutamicum, but also in Cg2040 at
position alanine-33 and glycine-34 (new annotation of cg2040 defined in this work). Furthermore, a
sequence comparison (Clustal Omega (Sievers et al., 2011)) of LexA, A repressor Cl, and Cg2040
revealed conservation of the residues serine-119 and lysine-156, which are also relevant for
autocleavage in LexAc, and Cl. Due to the smaller size of Cg2040 (119 aa, new annotation) compared
to Cl or LexA (253 aa in C. glutamicum), direct conservation of these residues were not observed in

Cg2040, although Cg2040 contains a lysine residue at the C-terminal end (position 115) as well as
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several serine residues. To examine whether Cg2040 still undergoes an autodigestion, which might

be mediated by RecA, is an interesting point for further studies.

In C. glutamicum, only three out of 11 HTH_3 type regulators were characterized in detail, namely
RamB, CIgR, and PrpR (Engels et al., 2004; Gerstmeir et al., 2004; Plassmeier et al., 2012). RamB is a
master regulator in the coordinated control of carbon metabolism and controls expression of more
than 50 genes particularly involved in acetate metabolism (Gerstmeir et al., 2004; Schréder & Tauch,
2010). Whereas PrpR acts as a specific activator of propionate catabolism (Plassmeier et al., 2012),
ClgR was shown to modulate the expression of genes encoding proteins that are involved in DNA
repair and proteolysis (Engels et al., 2004; Engels et al., 2005). Furthermore, two HTH_3 type
regulators, namely cg1292 and cg3230, showed similarity to toxin/antitoxin systems. These systems
were found to be involved in phage resistance, but have so far not been described to play a role in

prophage induction (Makarova et al., 2009; Sberro et al., 2013).
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Fig. 4.1 Factors influencing CGP3 activity in C. glutamicum. Upon induction of the SOS response by treatment
with mitomycin C, RecA is activated and catalyzes the autoproteolytic cleavage of LexA. The cleavage of LexA
leads to derepression of CGP3 target genes, such as cg1977, cg2026, and cg2034, encoding hypothetical genes,
and the operon cg1996-cg1998, coding for the restriction-modification system cglIM- cglIR- cglliR. The LexA
box is located upstream of cg1996 (grey arrows as indicated). The transcriptional phage-encoded regulator
Cg2040 was found to be autoregulated and controls the transcription of the downstream genes cg2033,
cg2035, and cg2037-cg2040. The gene c2035 encodes a putative methyltransferase; the other genes are
annotated as hypothetical or putative secreted proteins (blue arrows). Although Cg2040 belongs to the Cro/Cl
family, Cg2040 does not possess the role of a central phage regulator like Cl in the regulatory network of phage
A. The illustrated components are not drawn to scale.
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Generally, a mechanism of prophage induction differing from phage A can be assumed as well. For
example, the prophage CTXd, which is important for virulence by cholera toxin production, revealed
differences to the regulatory network of the phage A family (Nickels, 2009; Waldor & Friedman,
2005). The CTX¢ prophage holds the phage regulator RstR, which represses genes required for
replication and virion production in cooperation with LexA (Kimsey & Waldor, 2009; Quinones et al.,
2005). Upon induction of the SOS response, RstR blocks its own transcription by binding to a further
operator site that was occupied by LexA before. The decline in RstR level allows the transcription and
production of virions (Nickels, 2009). As discussed above, four targets for LexA binding were
identified in the CGP3 gene region in C. glutamicum. However, the relevance of these genes and LexA
as an additional regulator in prophage induction will be object of future studies. In addition, attempts
to identify the regulatory components are required to explore the regulatory mechanism of CGP3
prophage induction in more detail. Further regulators could be identified by DNA affinity
chromatography studies with promoter regions of early phage genes. For example, the first operon
at the left attachment site, encoding cg1890 and cg1891, was identified to be involved in the early
response of the phage. In this work, these two genes were proposed to encode an actin-like protein
as well as an adaptor protein for transport of CGP3 DNA. Hence, the identification of regulators that
bind within the promoter region of the putative operon will provide details about the early

regulatory processes of CGP3, and will be part of prospective experiments.

4.2 The prophage-encoded actin-like protein AlpC

A phylogenetic approach by Derman et al. (Derman et al., 2009) identified more than 35 new
families of bacterial actin-like proteins. Among them Cg1890 of C. glutamicum was identified as a
putative actin-like protein, without mentioning that the gene is localized in the CGP3 prophage
region (Derman et al., 2009). In this work, Cg1890 was characterized and renamed to AlpC
(designated AlpC for actin-like protein Corynebacterium). Thus, C. glutamicum AlpC represents the
first phage-encoded actin-like protein that was characterized in detail in vitro and in vivo. Based on
our data, a model was proposed in which AlpC mediates the transport of phage DNA towards the cell

membrane for an efficient replication upon induction of the CGP3 prophage.

4.2.1 Filament formation of the actin-like protein AlpC

More than 35 families of actin-like proteins were disclosed by a phylogenetic approach (Derman et
al., 2009). The majority of the genes were discovered on mobile elements, such as plasmids,
integrating conjugative elements or phage genomes. Among the highly divergent families of actin-
like proteins, Cg1890 was classified into family Alp29. In fact, cg1890 encodes the first gene of CGP3
close to the left attachment site. Thus, we were interested in characterizing the relevance of actin-

like protein Cg1890 for the activity of phage CGP3.
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An initial phylogenetic comparison revealed low sequence conservation of AlpC to other bacterial
actins, such as the cytoskeleton protein MreB. Nevertheless, the phosphate region for nucleotide
hydrolyzation of actin-like proteins was highly conserved. Low sequence conservation but high
functional homology is a common phenomenon for actin-like proteins or tubulin-like proteins
encoded on mobile elements in bacteria (Derman et al., 2009). In contrast, chromosomally-encoded
actins and tubulins, such as MreB and FtsZ, respectively, usually display high sequence conservation
as the proteins are essential for almost all bacteria (Derman et al., 2009; Derman et al., 2012). In
C. glutamicum, the tubulin-like cell division protein FtsZ mediates the formation of the Z-ring, but can
be inhibited by DivS in response to DNA damage (Ogino et al., 2008; Ramos et al., 2005). However,
C. glutamicum lacks the actin-like protein MreB. Instead, DivIVA inherits a central role for polar cell

growth and cell division site selection (Donovan et al., 2013; Letek et al., 2008b; Letek et al., 2012).

The ability of AlpC to hydrolyze ATP or GTP and the nucleotide-dependent polymerization to
filaments are typical features of actin-like proteins. Remarkably, the morphology of AlpC filaments
was concentration-dependent in vivo. While the filaments were long and curved when alpC was
overexpressed from P, promoter, AlpC filaments in native concentrations (under control of the
native promoter) appeared short and straight in varying angels to the cell membrane. In E. coli, AlpC
filaments were not observed, indicating the involvement of further phage- or bacterial-encoded
components for polymerization. In the study of Derman et al.,, the actin-like protein Alp7A from
plasmid pLS20 in B. subtilis was shown to form filaments in E. coli and the function of AIP7A in
plasmid partitioning was characterized (Derman et al., 2009). Furthermore, the phage-encoded actin-
like protein Alp6A, identified by phylogenetic studies in phage 0305¢8-36 of B. thuringiensis, forms
filaments in E. coli, in contrast to AlpC (Derman et al., 2009; Haeusser & Margolin, 2012). Although
Alp6A exhibits a conserved phosphate region characteristic for actins, the detailed cellular function

of Alp6A is still unknown (Derman et al., 2009).

4.2.2 The putative adaptor protein AlpA

Actin-like plasmid partitioning systems like ParMRC usually comprise an additional component to
facilitate the attachment of the plasmid DNA to actin-filaments for segregation (Gerdes et al., 2000).
Adaptor proteins are often located in an operon with the gene encoding the actin-like protein and
recognize a binding site located in the vicinity of the respective operon (Gerdes et al., 2010).
Therefore, the gene ¢g1891, encoded in a putative operon with alpC, was characterized and renamed
to alpA. AlpA contains a relatively high amount of charged amino acids residues (26%) (Appendix
Fig. 6.1.1), which is comparable to the adaptor protein ParR containing 28% charged residues

(Derman et al., 2009). In this work, a DNA-binding region of AlpA was localized upstream of the alpAC
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operon (designated to alpS for AlpA binding site), suggesting that AlpA represents a tempting

candidate as adaptor protein to mediate the connection of AlpC filaments and phage DNA.

In an additional sequence comparison, AlpA shows weak identity (38%) to surface adhesion
proteins and to the gene KTR9_4799 from Gordinia sp. KTR9 (36%), as indicated in Appendix
Fig. 6.1.2. The adjacent gene KTR9_4800 shares the highest sequence identity (54%) to AlpC. These
two genes, KTR9_4799 and KTR9_4800, are located on the large plasmid pGKT2 (182 kbp) in Gordinia
sp. KTR9 (Indest et al., 2010). Interestingly, the adjacent gene KTR9_4798 shares similarities to the
Orf8 containing oriV for plasmid maintenance of the large plasmid pKB-1 (101 kbp) in Gordinia
westfalica (Indest et al., 2010; Broker et al., 2003). Although these genes from Gordinia sp. KTR9
were not characterized for their role in plasmid maintenance, they represent a homolog system to

the AlpAC system.
Binding sites of AlpA

The binding studies with AlpA suggested an oligomerization of AlpA along the binding region, which
is a common feature of plasmid-partitioning adaptors. For example, the DNA-binding protein ParR of
the ParMRC system binds as a dimer at ten repeats in the parC binding site (Breliner et al., 1996;
Dam & Gerdes, 1994). Remarkably, a motif search (MEME suite, http://meme.nbcr.net/meme/)
revealed five highly similar, putative binding motifs in the binding region of AlpA (alpS). In further
experiments, included in the appendix of this work, the binding region of AlpA was narrowed down
to two binding sites in the upstream region of alpAC by testing subfragments in EMSA studies
(Appendix Fig. 6.1.3). However, binding studies with 30 bp oligonucleotides containing the predicted
putative motifs revealed only one shifted motif. Thus, AlpA might possess a different binding motif or

requires adjacent regions for cooperative polymerization along the binding sites.
Genomic organization of alpAC

The genomic organization of the phage-encoded alpAC system in C. glutamicum differs in
comparison to other systems, as alpA is located upstream of alpC. This genetic organization was
often found in partitioning systems with a relatively small actin-like protein (Gerdes et al., 2010). In
contrast, the gene for the DNA-binding protein, alp7R, is located downstream of alp7A, coding for
the actin-like protein of plasmid pLS20 in B. subtilis (Derman et al., 2012). A similar assembly was
found for the ParMRC system of plasmid R1 in E. coli (Salje et al., 2010). In all loci, the DNA-binding
site was located upstream among the promoter region of the presumed operons. Moreover, the
DNA-binding protein was often described to act as a transcriptional regulator of the particular
plasmid partitioning system. For example, the DNA-binding protein Alp7R negatively regulates the

transcription of the gene alp7A (Derman et al., 2012). Whether AlpA additionally acts as
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transcriptional regulator for the putative operon alpAC, could be elucidated by transcriptome

analysis in further studies.

Evidence for interaction of AlpC and AlpA

N-terminal protein fusions of AlpA with the fluorescent protein YFP and chromosomally integrated
AlpC, fused to the cyan-fluorescent protein CFP, were used for co-localization studies of AlpC and
AlpA. In almost 80% of the cells, which displayed both AlpA foci and AlpC filaments, an AlpA focus
was found adjacent to an AlpC filament. These findings suggested an interaction of both proteins in
vivo. The verification of a direct interaction of AlpA and AlpC proved to be difficult. Using a LexA-
based two hybrid system in E. coli (Dmitrova et al., 1998), interaction of AlpA and AlpC could not be
detected (data not shown). Further experiments with surface plasmon resonance techniques
revealed only weak interactions (data not shown). Finally, the impact of AlpC on the binding-affinity
of AlpA to the upstream region of the operon alpAC was tested by EMSA studies (Appendix Fig.
6.1.4). No difference was observed by incubation of target DNA with AlpA in the presence of AlpC.
However, when AlpC filament formation was induced by addition of ATP, differences in the shift
were observed. Thus, providing a first evidence for an interaction of AlpC filaments and AlpA in the
presence of DNA. However, AlpC polymerization seems to be necessary for interaction of the three
components. To further demonstrate interaction between these components, a co-purification of

AlpC and AlpA from crude-extract of stressed cells might represent a promising approach.

4.2.3 Influence of AlpA and AlpC on CGP3 life cycle

Since plasmid-encoded actin-like proteins and their adaptor proteins are crucial elements for
plasmid maintenance, a role for AlpC and AlpA in phage maintenance was presumed. Fluorescent
labeling of the actin-like protein AlpC and CGP3 DNA showed that the phage DNA is located close to
the AlpC filaments under stressful conditions. Furthermore, the CGP3 DNA was frequently localized
close to the cell membrane. Hence, we supposed in our current model that the AlpA-bound phage

DNA is transported along AlpC filaments to the membrane upon prophage induction.

In this work, quantitative PCR demonstrated a ten-fold increase of circular CPG3 DNA upon
induction of the SOS response. Furthermore, deletions of alpC or alpA reduced the amount of
circular phage DNA after prophage induction in comparison to the wild type. These findings indicate
an influence of AlpC and AlpA on prophage replication upon induction. Strikingly, the prophage
induction and maintenance was not completely abolished and still led to a five-fold increase of
circular phage DNA in the deletion mutants. The residual increase indicated an impact on the

efficiency of phage DNA propagation by AlpC or AlpA rather than an essential role in phage
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replication or segregation. Although the expression of the alpAC system is relatively low under
conventional cultivation conditions, alpA and alpC belong to the early and strongly induced genes of
CGP3 upon induction of the prophage by the SOS response. However, expression of divS, encoding an
inhibitor of cell division, is also part of the SOS response and arrests the cell cycle upon stressful
conditions (Jochmann et al., 2009; Ogino et al., 2008). Accordingly, a segregation of phage DNA
molecules into separating cells would not be required under these conditions. This makes an

involvement of AlpAC on phage replication more likely than a role in the segregation of phage DNA.

In eukaryotic cells, viruses frequently exploit the host cell cytoskeleton for their own transfer
within the cell. For viruses, it is helpful to use a transport system to ensure an efficient transfer
rather than undirected free diffusion to the place of replication, which is often the nucleus in
eukaryotic cells (Greber & Way, 2006). This can accelerate the propagation of virus infections by a
directional transfer to the nucleus (retrograde) or back to the cell periphery as new assembled virus
progeny to exit the cell (anterograde) (Greber & Way, 2006). The transport of a virus along
microtubules is a common phenomenon. For example, herpes viruses or HIV as well as vaccinia
viruses were found to exploit the transport mechanism of microtubules to get to the microtubule-
organizing center close to the nucleus (Greber & Way, 2006; Fackler & Krausslich, 2006). Herpes
viruses are known for their latency, and interact not only with microtubules, but also with actin and
presumably with intermediate filaments (Roberts & Baines, 2011; Hertel, 2011, Smith, 2012).
Although the function of actins and phage replication are different in eukaryotic and prokaryotic
cells, it probably is an advantage for a large phage to encode its own cytoskeletal proteins for

transport.

Transport function of AlpAC

A function of the AIpAC system might be the transport of phage DNA to the host membrane for
assembly and secretion of phage particles or phage-encoded substances. However, to date, CGP3
virions or secreted phage particles have not been described. In fact, filamentous phages are often
released from their host by secretion instead of cell lysis (Rakonjac et al., 2011). For example, the
phage CTXd, which is related to filamentous coliphages such as M13, uses a host-encoded secretin
(EpsD) of an extracellular protein (eps) type Il secretion system to secret cholera toxin and phage
virions (Davis et al., 2000; Davis & Waldor, 2003). Furthermore, integrating and conjugative elements
(ICE) were characterized as a new class of mobile elements (Juhas et al., 2009; Wozniak & Waldor,
2010). In a subpopulation (3-5%) of Pseudomonas knackmussii B13, the ICEc/c element induces a
transfer competence (tc) for horizontal transfer to new host recipient cells (Gaillard et al., 2010;
Reinhard et al., 2013). To analyze the ability for horizontal gene transfer or re-infection by CGP3,

CGP3 DNA in a donor strain (CGP3+) and a recipient strain (CGP3-) could be tagged by insertion of
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genes coding for different fluorescent proteins. A transfer of phage DNA from the donor into
recipient cells would result in a transfer of the donor-tag into the recipient cell. A useful tool to
monitor the transfer events by time-lapse fluorescence microscopy is presented by the microfluidic
picoliter bioreactor. The general cultivation of C. glutamicum strains in this microfluidic system was
tested, in this work. Furthermore, the supernatant of stressed cells could be enriched and examined

for phage virions by transmission electron microscopy.

4.2.4 AlpAC in comparison to other phage-encoded cytoskeletal proteins

To date, only a few examples of an interaction of cytoskeletal proteins with phages or even phage-
encoded proteins have been described in detail, but they reveal interesting features of phage life
cycles. An overview of the phage-encoded cytoskeletal proteins, which have been characterized to

date and their proposed mode of action, is given in Fig. 4.2.

Phage ¢29 interacts with bacterial MreB

In B. subtilis, the replication of phage $29 takes place close to the membrane and is connected to
the host cytoskeleton (Bravo et al., 2005; Mufioz-Espin et al., 2012). The phage primarily exploits the
membrane-associated cytoskeleton protein MreB for replication (Salje et al., 2011; Carballido-Lopez,
2006; Mufioz-Espin et al., 2009). The phage-encoded membrane protein p16.7 interacts directly with
MreB, thereby attaching phage DNA to the cell membrane and organizing the replication under
contribution of $29 DNA polymerase at the cell membrane (Muioz-Espin et al., 2009; Meijer et al.,
2001). Consequently, not only the phage protein p16.7, but also an intact cytoskeleton of the
bacterial MreB protein, and its isoforms Mbl and MreBH are required for efficient viral DNA
replication (Carballido-Lépez & Errington, 2003; Carballido-Lépez et al., 2006). In contrast to other
rod-shaped bacteria, C. glutamicum does not encode MreB proteins (Letek et al., 2008b; Daniel &
Errington, 2003). In C. glutamicum, selection of the division site and growth behavior is controlled by
chromosome segregation, which is mediated by the ParAB partitioning system and polar localized
DivIVA (Donovan et al., 2010; Donovan et al., 2013). Interaction between DivIVA and ParB at the cell
poles enables segregation of the chromosomes (Donovan et al., 2012). In analogy to phage $29, AlpC

might interact with other membrane-associated proteins for replication in C. glutamicum.

Phage-encoded tubulin-like proteins

Recently, it has been reported that relatively large phages encode their own tubulin-like
cytoskeleton to organize localization of phage virions or segregation of phage plasmids (Haeusser &
Margolin, 2012). The size of phages is highly diverse and ranges for example from ~3.4 kbp ssRNA
phages in E. coli or 11.7 kbp of the dsDNA phage P1 of Mycoplasma, up to an almost 500 kbp phage

in Bacillus megaterium (Friedman et al., 2009; Tu et al., 2001; Hatfull & Hendrix, 2011). The size of
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CGP3 (187 kbp) is comparable to the phage c-st from Clostridium botulinum (186 kbp), whereas the
phage 201 ¢2-1 from Pseudomonas chlororaphis is two-times larger (316 kbp) (Kalinowski et al.,
2003; Kraemer et al.; 2012; Oliva et al., 2012). Both phages encode tubulin/FtsZ-like proteins, which
are important for phage transport and positioning of phage DNA within the host cell (Oliva et al.,

2012; Kraemer et al., 2012).

PhuZz TubRZ AlpAC MreB
Phage 201$2-1 Phage c-st Phage CGP3 Phage ®29
P. chlororaphis C. botulinum C. glutamicum B. subtilis
Centering in nucleoid Segregation Transport to membrane Replication

Fig. 4.2 Overview of phage-encoded cytoskeletal proteins. (A) The tubulin-like protein PhuZ (green) of phage
201¢2-1 in P. chlororaphis is required for positioning of encapsulated DNA at the center of the cell to form a
rosette infection nucleoid. (Kraemer et al., 2012) (B) TubZ of phage c-st in C. botulinum shows high similarity to
plasmid encoded TubZ of B. thuringiensis, where TubZ (dark green) and the DNA-binding protein TubR (light
green) facilitate segregation of the plasmid pBtoxis. An analogous mechanism was suggested for TubZ of c-st.
(Oliva et al., 2012, Larsen et al., 2007) (C) The actin-like protein AlpC (orange) and the DNA-binding protein
AlpA (green) of phage CGP3 in C. glutamicum were characterized in this work. This system was proposed to
mediate the transport of circularized CGP3 DNA (red) excised from the genome (blue) to the cell membrane
under stressful conditions. (D) Phage $29 in B. subtilis utilizes bacterial MreB (brown) for replication close to
the membrane (DNA polymerase indicated as triangle (dark blue), terminal proteins (green)), by direct
interaction with the phage protein p16.7 (purple) (Mufioz-Espin et al., 2009; Mufioz-Espin et al., 2010).
Adapted from (Kraemer et al., 2012) and (Haeusser & Margolin, 2012).

Phage c-st encodes type Il segregation system TubZ-R-S-Y

The phage c-st remains in the cell as a plasmid-like element. Comparison of crystal structures of the
tubulin-like protein TubZ from plasmid phage c-st to the plasmid-encoded TubZ of Bacillus
thuringiensis revealed high structural homology (Aylett et al., 2010; Oliva et al., 2012). Based on the
homology and biochemical characterizations, TubZ might represent a type Ill plasmid segregation
system for the phage, together with the DNA-binding protein TubR that binds the tubS binding region
and interacts with the C-terminus of TubZ (Ni et al., 2010; Larsen et al., 2007). Furthermore, this
system comprises an additional fourth component, TubY, facilitating complex formation of TubZ-R-S
(Oliva et al., 2012). In contrast, the CGP3 prophage is integrated into the genome of C. glutamicum,
and due to the lack of an AlpC crystal structure, no functional comparison to other actin-like protein

could have been performed yet.
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PhuZ positions encapsulated phage DNA centrally in the cell

A second tubulin/FtsZ-like protein, PhuZ, encoded by phage 201¢2-1 of P. chlororaphis, revealed a
conserved tubulin fold, but exhibited differences to the phage-encoded TubZ by displaying an acidic
knuckle at the C-terminus required for polymerization (Kraemer et al., 2012). In vivo, PhuZ, fused to
the fluorescent protein GFP, showed a diffuse localization by expressing phuZ-gfp at low
concentrations. At higher concentrations, PhuZ assembled into long filaments. During the lytic
response, PhuZ filament formation could be visualized by additional production of plasmid-borne
Phuz-GFP. Under these conditions, PhuZ formed filaments, which conducted encapsulated phage
DNA to the center of the cell to model a rosette infection nucleoid (Kraemer et al., 2012). The
function of PhuZ under native concentrations during lytic growth was not evaluated. In comparison
to phage 201¢p2-1, CGP3 DNA was rarely positioned at the center of the cell, rather CGP3 DNA was
found close to the membrane. However, the concentration-dependent differences in filament
formation of AlpC, observed in this work, highlight the importance of investigating filament

formation at native levels.

A further sequence comparison of tubulin-like proteins identified further phage-encoded tubulin-
like proteins and noted a strong conservation in the 3-dimensional structure (Aylett et al., 2013).
Hence, the characterization of both phage-encoded actin-like proteins (AlpC and Alp6A) as well as
tubulin-like proteins will remain in the focus of research. For further detailed analysis of AlpC,
microscopic analysis as well as crystallization of AlpC filaments would help to understand AlpC
polymerization and to verify our current model in comparison to the proposed action of other phage-
encoded or plasmid-originated cytoskeletal proteins. Additionally, FRAP studies (fluorescent recovery
after photo bleaching) of AlpC in native concentration could provide an insight into the dynamics of
AlpC filament formation. Future studies will focus on the interaction of AlpC filaments and AlpA to

understand the mechanism of CGP3 DNA partitioning.

4.3 Heme homeostasis in C. glutamicum

4.3.1 Link between CGP3 induction and iron/heme homeostasis

Previously, a mutant lacking the master regulator of iron homeostasis DtxR showed increased
expression of CGP3 prophage genes (Brune et al., 2006; Frunzke et al., 2008; Wennerhold & Bott,
2006). The deletion of dtxR probably increases the intracellular level of iron by derepression of DtxR-
regulated iron uptake systems. Subsequently, high concentrations of iron promote the formation of
reactive oxygen species (ROS), like hydroxyl radicals, via the Fenton reaction. ROS causes lipid
peroxidation or DNA damage by formation of strand breaks, leading to the activation of the oxidative

stress. In C. glutamicum, the sigma factor 6" connects oxidative stress and the SOS response, as the
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regulon of 6" comprises several genes involved in both responses (Lee et al., 2013; Busche et al.,
2012). An increased level of SOS response in AdtxR could explain the increased induction of CGP3.
However, the level of SOS response in AdtxR seemed not to be elevated in transcriptome analyses
(Wennerhold & Bott, 2006). A further analysis of the stress level in AdtxR could be enabled by

application of promoter fusions of central SOS targets.

4.3.2 Heme-dependent TCS

Deletion mutants that were impaired in iron homeostasis often showed an increased CGP3 phage
activity. Due to this connection, a focus in this thesis was also set on the regulatory network of iron
and heme homeostasis. DtxR regulates the expression of hrrA, encoding the response regulator of
the TCS HrrSA which is involved in the regulation of heme homeostasis and which was shown to be
crucial for the utilization of heme as an alternative iron source (Frunzke et al., 2011). Among the
target genes of HrrA, we identified the genes chrSA of a second TCS. ChrSA inherits an essential role
in heme detoxification, as ChrA activates the expression of the heme exporter system hrtBA, located
divergently to the operon of chrSA. The genomic organization is highly conserved, and homologs of
the ABC transporter system HrtBA were primarily found in pathogenic bacteria such as C. diphtheriae
or S. aureus (Bibb & Schmitt, 2010; Stauff et al., 2008). Although HrtBA is crucial for protection
against high heme concentrations (Bibb, Schmitt 2010), the mechanism of heme toxicity is not
completely understood. On the one hand, it was described that heme itself can lead to DNA damage
in the cells (Nir et al., 1991; Anzaldi & Skaar, 2010). On the other hand, heme degradation products
or by-products might be toxic for cells (Anzaldi & Skaar, 2010). To validate these hypotheses of heme
toxicity, chemically modified heme variants, e.g. heme without the central iron ion, can be used in

further experiments.

4.3.3 Interaction of ChrSA and HrrSA

The TCS’s ChrSA and HrrSA share a high amino acid sequence identity. Hence, an overlap in
regulation of both systems is likely. Indeed, we observed a cross-regulation on several levels: First,
both systems are responsive to heme. Whether the signal is sensed intracellular or extracellular has
still to be validated in further studies. Second, a cross-talk between the kinases ChrS and HrrS by
phosphoryl transfer might represent a further level of interaction. In C. diphtheria, evidence for a
phosphor-transfer between the orthologous systems was postulated (Bibb et al., 2005, Bibb et al.,
2007). To test for cross-phosphorylation between the C. glutamicum systems, genetic analysis with
mutant strains lacking the kinases would be a promising approach. Further evidence could be
provided by in vitro phosphotransfer studies or bacterial two-hybrid assays. A third level of
interaction is a cross-regulation of both response regulators at the transcriptional level by controlling

the transcription of each other. The regulators ChrA and HrrA were shown to bind in the mutual
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promoter region, thereby regulating the transcription of each other (Frunzke et al., 2011). At last, the
regulons of ChrA and HrrA revealed an overlap in target genes representing a further level of
interaction. In protein-DNA-binding studies, the promoter regions of all identified target genes were
recognized by ChrA, but also by HrrA with different affinities. For example, the affinity of ChrA to the
promoter of hmuO was marginal, unlike HrrA which has a strong affinity to the hmuO promoter. This
represents a prominent difference to the regulation of heme homeostasis in C. diphtheriae, where

ChrSA is the primarily regulator of hmuO for heme degradation (Bibb et al., 2005; Bibb et al., 2007).
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Fig. 4.3 The TCS HrrSA and ChrSA potentially interact on multiple levels. ChrSA represents the prominent
system for heme resistance and detoxification by activation of the heme exporter hrtBA in the presence of
heme. HrrSA is required for utilization of heme as alternative iron source. HrrA activates the heme oxygenase
hmuO for heme degradation and represses chrSA to avoid export of heme under iron limiting conditions.
Contrarily, ChrA represses also the expression of hrrA. Adapted from (Heyer et al., 2012) and (Bott & Brocker,
2012).

The complex interactions between the two systems on multiple levels (Fig. 4.3) underline the
importance for C. glutamicum to inherit two systems, but raise the question of their physiological
relevance. In C. glutamicum, the presence of two TCS’s seems to be physiologically important for

tight regulation of the optimal intracellular heme level. Whereas ChrSA is crucial for resistance
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towards elevated heme concentrations, HrrSA is important for heme utilization as an alternative iron
source. Accordingly, HrrSA is not only heme-dependent, but is also regulated in dependency of iron
availability by DtxR. Interestingly, the iron-dependent regulation of hrrA by DtxR seems not to be
present in C. diphtheriae (Bibb et al., 2007).

This complex regulation has to be investigated in further studies to establish its impact in more
detail, in vivo. For this purpose, the expression level of key target genes has to be analyzed in
deletion mutants lacking the components of both TCSs in combination with different iron and heme
concentrations. This will provide a profound knowledge about the role of each component in the

complex network of heme homeostasis.
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6 Appendix

6.1 Additional Figures — AlpC

MAQKQDTTHVSEDDAPWRNVRMRFPETDAIVERFLETQGARGI SLAMRQLIYL
FVAEYGDVEVATVIGLKLVESLQAGAEGSDLFAQLAAGVADVDAVTTRKKAPQ
QIAPPSTTTRAPDQVNEFVAEAESQPVEESVVEAKVPKQQVAPQPAQKPEQKP
EQKSAQPAQSEPDDGFDMDDVMGQAFGR

Fig. 6.1.1 Amino acid sequence of AlpA (Cg1891) with charged residues. AlpA (187 amino acids) contains 26%
charged residues (aspartat (D) and glutamate (E) in red, lysine (K) and arginine (R) in blue). ParR (117 amino
acids) contains 28% charged residues.
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Fig. 6.1.2 Genetic organization of the alpAC locus. Alignment of the amino acid sequence of AlpC and AlpA was
conducted by BLAST (NCBI, http://blast.ncbi.nlm.nih.gov/). The genes with similarity to AlpA are shown in

green; in the genes coding for a putative adhesion protein the overlapping region sharing similarities with AlpA
is indicated in dark green. The gene KTR9_4799 from plasmid pGKT2 in Gordinia sp. KTR9 showed 36%
sequence identity. The genes pBC218 0147 from plasmid pBC218 in Bacillus cereus G9421, and
pthur0010_61040 from Bacillus thuringiensis serovar pondicherensis BGSC 4BA1 showed 38% sequence identity
to AlpA. The gene annotation is indicated below the respective gene.
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Fig. 6.1.3 Search of the DNA-binding region of AlpA in the upstream promoter region of alpAC (designated as
alp$ site). (A) Overview of the tested subfragments covering the upstream promoter region of alpAC. (B)
Corresponding EMSA study to (A). To test for AlpA-DNA interaction, the DNA fragments were incubated with
varying molar excess of AlpA. A detailed description is included in the manuscript for alpC (see 3.2 in this work).
(C) Sequence of binding motif ¢ (30 bp) that was shifted by AlpA in the promoter region of alpAC. Motif
prediction of an AlpA binding site revealed five putative binding motifs in the upstream region of alpAC (grey
boxes a-e in (A)). The promoter region has high AT-nucleotide content and revealed many motifs. However,
only motif ¢ was shifted. The motifs were predicted by the program MEME suite
(http://meme.nbcr.net/meme/).
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Fig. 6.1.4 Evidence for an interaction of AlpA and AlpC in the presence of the upstream region of alpAC.
100 ng DNA of the upstream region of alpAC (500bp) containing the binding site of AlpA, alpS, were incubated
with AlpA (200-fold molar excess) as indicated without ATP (A) or with ATP (B). AlpC (30-fold molar excess) or
the control protein HrrA (2-fold molar excess) were added as indicated. (B) To induce polymerization of AlpC
filaments ATP was added to the reaction mixture. The downstream region of the alpAC operon (500 bp) was
used as control fragment in both experiments. After 20 min of incubation the samples were separated on a
10% non-denaturing polyacrylamide gel and stained with SYBR green |. No difference was observed without
ATP, but the addition of ATP to induce AlpC filament formation resulted in a different shift. This provide first
evidence of an interaction of AlpC filaments with AlpA in the presence of alpS DNA.
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6.2 Supplemental Material — Cg2040

Tab. S1 Oligonucleotides used in this study

Oligonucleotide

Sequence 5’ — 3"

Application”

Dcg2040-1
Dcg2040-2
Dcg2040-3
Dcg2040-4
Dcg2040-5
Dcg2040-6
cg2040-RBS-fw

¢g2040-Sac-rv
Cg2040_Nde_fw

Cg2040_Xho_rv
¢g2040-TEV-fw

cg2040-Xba-rv

Cg2033_prom_fw

CCGGAATTCGAAGAGAAAGTATGTCTTCAATATG
(EcoRl)

CCCATCCACTAAACTTAAACAGAGTTTTACCTTATAT
CCTCTCATT

TGTTTAAGTTTAGTGGATGGGGTTGATTGGGAAAA
GCCCATTTTG

CGCGGATCCGGATCTGCGTGTGGAATGCAC
(BamHl)

CTGCTCTGATAACCATATTGAAGAA

AGGCCGTCGATTTACTAAAAACC

CGCGGATCCAAGGAGATATAGATATGAGAGGATA
TAAGGTAAAACTC (BamHI)

GCGCGAGCTCCTACGCCAAAATGGGCTTTTC (Sacl)
CGCCATATGAGAGGATATAAGGTAAAACTCATG
(Ndel)
CCGCTCGAGCTACGCCAAAATGGGCTTTTCC (Xhol)

GCGCGAGCTCCGAGAACCTGTATTTTCAGGGCCAT
ATG (Sacl)

TGCTCTAGACTACGCCAAAATGGGCTTTTC (Xbal)

CATCCCACAACTGGTTTCAGGT

Fw for upstream flanking region of
Dcg2040

Rv for upstream flanking region of
Dcg2040

Fw for downstream flanking
region of Dcg2040

Rv for downstream flanking region
of Dcg2040

Fw for verification of the deletion
of cg2040

Rv for verification of the deletion
of cg2040

Fw for cg2040, adding a ribosome
binding site

Rv for cg2040 of pEKEx2-cg2040
Fw for cg2040 in pET-TEV-cg2040

Rv for cg2040 in pET-TEV-cg2040
Fw for cg2040, inserting a TEV
cleavage site (template: pET-TEV-
€g2040)

Rv for cg2040 of pMBP-TEV-
€g2040 (template: pET-TEV-
€g2040)

Fw for EMSA- fragment 500 bp
cg2033

Oligonucleotides for EMSA

Cg2033_prom_rv
Cg2036_prom_fw
Cg2036_prom_rv
Cg2038_prom_fw
Cg2038_prom_rv
Cg2039_prom_fw
Cg2039_prom_rv
Cg2040_prom_fw
Cg2040_prom_rv
Cg2041_prom_fw
Cg2041_prom_rv
Hmp-fw

Hmp-rv

Cg2040p_1_rv
Cg2040p_2_fw
Cg2040p_2_rv

Cg2040p_3_fw

CAAACATCAGCGTACTGACAGC
CACTTCCAAGGAAGATACACGC
ATGTTAAGAGCGTAACGGATATCA
CTGAAGCAATCTATTTGATTCCTG
TCCCCTTGATAAGTAAGCCTCAA
CAACGAACTACCCCCATTGGCGAG
CTGCACTAACTCATCATGATGAG
GAAGAGAAAGTATGTCTTCAATATG
CATCGCTTTCTTACTGTGCGTC
GTTGCTGGGTTAGTCAGGCGA
CGCTTCGGTCAACATATTGAAGA
CGACGGCTTCGCAGCGGTCGTC

Rv for EMSA- fragment 500 bp cg2033
Fw for EMSA- fragment 500 bp cg2036
Rv for EMSA- fragment 500 bp cg2036
Fw for EMSA- fragment 500 bp cg2038
Rv for EMSA- fragment 500 bp cg2038
Fw for EMSA- fragment 500 bp cg2039
Rv for EMSA- fragment 500 bp cg2039
Fw for EMSA- fragment 500 bp cg2040
Rv for EMSA- fragment 500 bp cg2040
Fw for EMSA- fragment 500 bp cg2041
Rv for EMSA- fragment 500 bp cg2041
Fw for EMSA- fragment 500 bp hmp

(control)

GGAAGCGTTGCTTTGATCACCTC

Rv for EMSA- fragment 500 bp hmp

(control)

GACTGGAAATACTCTTAACATGCT

Fw for EMSA- subfragment 125 bp

cg2040-1

AGCATGTTAAGAGTATTTCCAGTC

Rv for EMSA- subfragment 125 bp

cg2040-2

GCATCAATATTGAGTATCCATCAC

Fw for EMSA- subfragment 125 bp

cg2040-2

GTGATGGATACTCAATATTGATGC

Rv for EMSA- subfragment 125 bp
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Cg2040p_3_rv
Cg2040p_4_fw
Cg2040p_4_rv
Cg2040p_5_fw
2040-motif-M1-fw
2040-motif-M1-rv
2040-motif-M2-fw
2040-motif-M2-rv
2040-motif-M3-fw
2040-motif-M3-rv
2040-motif-M4-fw
2040-motif-M4-rv
2040-motif-M5-fw
2040-motif-M5-rv
2040-motif-M6-fw
2040-motif-M6-rv
2040-M6-mutl-fw
2040-M6-mutl-rv
2040-M6-mut2-fw
2040-M6-mut2-rv
2040-M6-mut3-fw
2040-M6-mut3-rv
2040-M6-mut4-fw
2040-M6-mutd-rv
2040-M6-mut5-fw
2040-M6-mut5-rv
2040-M6-mut6-fw
2040-M6-mut6-rv
2040-M6-mut7-fw
2040-M6-mut7-rv

2040-M6-mut8-fw

2040-M6-mut8-rv

CTCGGTGTTTTGACGGTGTTTG

CAAACACCGTCAAAACACCGAG

GAATTAATCTACTGGTGATCCATC

GATGGATCACCAGTAGATTAATTC

GATGGATCACCAGTAGATTAATTCGTCTTAA

CAT

ATGTTAAGACGAATTAATCTACTGGTGATCC
ATC

CAACGAACTACCCCCATTGGCGAGTTTTTA
TAAAAACTCGCCAATGGGGGTAGTTCGTTG
GAAAAAATTGAATGAGAGGATATAAGGTAA
TTACCTTATATCCTCTCATTCAATTTTTITC
AACTCATGACGCACAGTAAGAAAGCGATG
CATCGCTTTCTTACTGTGCGTCATGAGTT
CCATTGGCGAGTTTTTAGAAAAAATTGAAT
ATTCAATTTTTTCTAAAAACTCGCCAATGG
GAGAGGATATAAGGTAAAACTCATGACGCA
TGCGTCATGAGTTTTACCTTATATCCTCTC
CTCAGGATATAAGGTAAAACTCATGACGCA

TGCGTCATGAGTTTTACCTTATATCCTGAG

GAGTCCATATAAGGTAAAACTCATGACGCA

TGCGTCATGAGTTTTACCTTATATGGACTC

GAGAGGTATTAAGGTAAAACTCATGACGCA

TGCGTCATGAGTTTTACCTTAATACCTCTC

GAGAGGATAATTGGTAAAACTCATGACGCA

TGCGTCATGAGTTTTACCAATTATCCTCTC

GAGAGGATATAACCAAAAACTCATGACGCA

TGCGTCATGAGTTTTTGGTTATATCCTCTC

GAGAGGATATAAGGTTTTACTCATGACGCA

TGCGTCATGAGTAAAACCTTATATCCTCTC

GAGAGGATATAAGGTAAATGACATGACGCA

TGCGTCATGTCATTTACCTTATATCCTCTC

GAGAGGATATAAGGTAAAACTGTAGACGCA

TGCGTCTACAGTTTTACCTTATATCCTCTC

cg2040-3

Fw for EMSA- subfragment 125 bp
cg2040-3

Rv for EMSA- subfragment 125 bp
cg2040-4

Fw for EMSA- subfragment 125 bp
cg2040-4

Rv for EMSA- subfragment 125 bp
cg2040-5

Fw for EMSA-motif 30 bp cg2040

Rv for EMSA-motif 30 bp cg2040

Fw for EMSA-motif 30 bp cg2040
Rv for EMSA-motif 30 bp cg2040
Fw for EMSA-motif 30 bp cg2040
Rv for EMSA-motif 30 bp cg2040
Fw for EMSA-motif 30 bp cg2040
Rv for EMSA-motif 30 bp cg2040
Fw for EMSA-motif 30 bp cg2040
Fw for EMSA-motif 30 bp cg2040
Rv for EMSA-motif 30 bp cg2040
Fw for EMSA-motif 30 bp cg2040
Fw for EMSA-mutated motif 30 bp
cg2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6

Fw for EMSA-mutated motif 30 bp
cg2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6

Fw for EMSA-mutated motif 30 bp
cg2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6

Fw for EMSA-mutated motif 30 bp
cg2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6

Fw for EMSA-mutated motif 30 bp
cg2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6

Fw for EMSA-mutated motif 30 bp
cg2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6

Fw for EMSA-mutated motif 30 bp
cg2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6

Fw for EMSA-mutated motif 30 bp
cg2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6




Appendix

97

2040-M6-mut9-fw

2040-M6-mut9-rv

2040-M6-mul10-fw

2040-M6-mul0-rv

GAGAGGATATAAGGTAAAACTCATCTGGCA  Fw for EMSA-mutated motif 30 bp

g2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6

TGCCAGATGAGTTTTACCTTATATCCTCTC

GAGAGGATATAAGGTAAAACTCATGACCGT  Fw for EMSA-mutated motif 30 bp

g2040-M6

Rv for EMSA-mutated motif 30 bp
cg2040-M6

ACGGTCATGAGTTTTACCTTATATCCTCTC

1) Some oligonucleotides were designed to introduce restriction sites (underlined), a TEV cleavage site

(italic, underlined), ribosome binding sites (bold) or as a complementary sequence (italic) for overlap

PCR.

2) Fw, forward oligonucleotide; Rv reverse nucleotide for amplification by PCR (Sambrook et al., 2001).

Tab. S2 Transcriptome analysis of strain ATCC 13032/ pEKEx2-cg2040 in comparison to ATCC 13032/

PEKEx2. "
Gene Gene Annotation Average n p-value
name
cg0404 Nitroreductase family 0.26 3 0.000
cg0487 Conserved hypothetical protein, possibly secreted 0.44 3 0.008
cg0488 ppx1 Exopolyphosphatase 0.44 3 0.000
cg0728 phr Deoxyribodipyrimidine photolyase 0.34 3 0.002
cg0803 thtR Thiosulfate sulfurtransferase 0.33 3 0.003
cg0806 Hypothetical protein 0.48 3 0.004
cg0807 Hypothetical protein 0.49 3 0.008
cg0809 maf Maf-like protein 0.45 3 0.003
cg0810 Hypothetical protein 0.47 3 0.005
cg0811 dtsR2  Acetyl/propionyl CoA carboxylase, beta subunit 0.48 3 0.000
cg0816 purk Phosphoribosylaminoimidazole carboxylase 0.50 3 0.001
cg0817 kup K+ potassium transporter 0.47 3 0.001
cg0821 Hypothetical protein 0.50 3 0.006
cg0826 Hypothetical protein 0.47 3 0.000
cg0828 Putative dihydrofolate reductase 0.49 3 0.000
cg0829 Lactoylglutathione lyase or related lyase 0.48 3 0.001
cg0830 Membrane protein 0.39 2 0.012
cg0831 Sugar ABC transporter, permease protein 0.32 3 0.001
cg0832 ABC transporter, membrane spanning protein 0.40 3 0.001
cg0838 Helicase 0.46 3 0.005
cg0839 Hypothetical protein 0.38 3 0.002
cg0961 Homoserine O-acetyltransferase 0.49 3 0.000
cg0985 citE Citryl-CoA lyase beta subunit homolog 0.49 3 0.009
cgl159 Putative secreted protein 0.39 3 0.009
cg1180 Glycosyltransferase, probably involved in cell wall 2568.11 3 0.002
biogenesis
cgl292 Flavin-containing monooxygenase 3 6.69 3 0.000
cgl293 Putative secreted protein 7.47 3 0.000
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cgl294

cgl336
cglasa
cgl782
cgl1935

cg2004
cg2033
cg2036
cg2038?
cg2039
€g2040
cg2155
cg2183

cg2184

cg2804
cg2808
cg2893
cg2894
cg2956
cg3138
cg3139
cg3140
cg3267
cg3282
NCgl1518

gntR2

ppmA

tagAl

Predicted esterase of the alpha-beta hydrolase
superfamily

Putative secreted protein
Putative secreted protein
Tnp13b(I1SCg13b), transposase

Gluconate-responsive repressors of genes involved in

gluconate catabolism and the pentose phosphate
pathway

Similar to 232 protein-lactobacillus bacteriophage gle

Putative secreted protein

Putative secreted protein

Hypothetical protein predicted by Glimmer
Hypothetical protein

Putative transcriptional regulator
Hypothetical protein

ABC-type peptide transport system, permease
component

ATPase component of peptide ABC-type transport
system, contains duplicated ATPase domains

Tnp21a(ISCg21a), transposase

Tnp13a(ISCgl3a), transposase

Permease of the major facilitator superfamily
Drug resistance-related transcriptional repressor
Putative secreted protein

Putative membrane-bound protease modulator
Hypothetical protein

Probable DNA-3-methyladenine glycosylase | protein

Hypothetical protein
Cation transport ATPase
No annotation

5.82

0.39
0.44
0.07
0.25

0.48
0.35
0.33
0.10
0.13
6059.84
0.24
0.04

0.02

0.14
0.06
0.01
0.08
0.19
241
2.01
2.20
0.47
2.05
0.07

w w w w

w W w w w w w N

w

W W W w W w w w w ww

0.001

0.038
0.012
0.001
0.004

0.007
0.007
0.001
0.024
0.002
0.002
0.011
0.001

0.000

0.000
0.001
0.001
0.001
0.000
0.006
0.000
0.012
0.014
0.010
0.001

1) For the transcriptome analysis the strains ATCC 13032/ pEKEx2-cg2040 and ATCC 13032/ pEKEx2 were
cultivated in BHI with kanamycin (25 pg/ml) before a second preculture (CGXIl with kanamycin) was
grown. The main culture (CGXIl with kanamycin) was inoculated with an ODgy of 1. To induce the

expression of cg2040 0.5 mM IPTG was added to the cultures. The transcriptome analysis was performed

as described for Acg2040 vs. wild type in Tab. 2.

2) The altered mRNA level of cg2038 was only detected with a signal-to-noise ratio of > 3.
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6.3 Supplemental Material — AlpC

Table S1: Bacterial strains, plasmids and oligonucleotides.

Strains or Relevant characteristics Source or
plasmids reference
Strains
C. glutamicum Biotin-auxotrophic wild type [1]
ATCC 13032
C. glutamicum In-frame deletion of cg1890 This study
AalpC
CDC020 ATCC 13032 with ecfp-alpC This study
CDC021 ATCC 13032, IPTG-inducible extra-chromosomal copy of alpC-cfp, Kan' This study
CDC022 ATCC 13032, IPTG-inducible extra-chromosomal copy of alpCD***-cfp, This study
Kan'
13032::pLAU44- 13032 derivative containing plasmid pLAU44-CGP3-Spec integrated into [34]
CGP3-Spec the cg1905-cg1906 intergenic region
CDC023 CDC20, 13032 derivative containing plasmid pLAU44-CGP3-Spec This study
integrated into the cg1905-cg1906 intergenic region
ATCC13032 AalpA In-frame deletion of cg1891 (alpA) This study
ATCC13032 AalpA In-frame deletion of cg1891 (alpA) in the strain CDC020 with an allelic This study
alpC::cfp-alpC replacement of alpC to cfp-alpC
E. coli DH5a supE44 AlacU169 (¢p80lacZDM15) hsdR17 recAl endAl gyrA96 thi-1 relA1  Invitrogen
E. coli BL21 (DE3) F ompT hsdS(rs” mg ) gal dem A(DE3) pLysS (Cam" ) (M(DE3): lacl, lacUV5- Promega
pLysS T7 gene 1, ind1, sam7, nin5)
Plasmids
pK19mobsacB Kan'; vector for allelic exchange in C. glutamicum; (pK18 oriVe ., sacB, [2]
lacZ)
pK19mob-sacB- Kan'; pK19mobsacB derivative containing a crossover PCR product This study
AalpA covering the up- and downstream regions of alpA (cg1891)
pK19mobsacBAalp  Kan'; pK19mobsacB derivative containing a crossover PCR product This study
A-cfp-alpC covering the flanking regions of alpA (cg1891) in strain CDC020 (alpC
replaced by cfp-alpC)
pK19mobsacB- Kan"; pK19mobsacB derivative containing a crossover PCR product This study
AalpC covering the up- and downstream regions of alpC (cg1890)
pCD127 Integration vector, ori pUC, Kan', mob sacB eCFP-alpC This study
pEKEx2 Kan'; C. glutamicum/E. coli shuttle vector for regulated gene expression [3]
(Prac, lacl®, pBL1 oriVe,, pUC18 oriVe,)
pCD129 Kan', P lacl® pBL1 oriVc . pUC18 oriVe,, AlpC*-CFP This study
pCD130 Kan', Py lacl® pBL1 oriV,. pUC18 oriV,, AlpC™****-CFP This study
pEKEx2-yfp-tetR Kan', pEKEx2 derivative containing yfp-tetR under control of the Py, [4]
promoter
pET16(b) bla PT7lac-10his lacl Novagen
pCD115 bla PT7lac-10his-alpC lacl This study
pCD116 bla PT7lac-10his-alpCD301A lacl This study
pET-TEV Kan'; pET28b derivative for overexpression of genes in E. coli (pBR322 [5]
oriVg., PT7, lacl)
pET-TEV-alpA Kan', pET-TEV derivative to overproduce AlpA with an N-terminal Hiso This study
tag
pJci Kan', Amp', E. coli — C. glutamicum shuttle vector [6]
pJC1-P,pa-alpA- Kan', pJC1 derivative containing alpA-eyfp, encoding an AlpA-eYFP This study

eyfp

protein fusion under the control of the native promoter P,
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Oligonucleotide Sequence (5" 3°) and properties’

DalpC-1 ATATATGAATTCTTGTTTGTCGCTGAATACGGTG (EcoRl)
DalpC-2 CCCATCCACTAAACTTAAACACACATTCACAGCGCTGGTCATAATC
DalpC-3 TGTTTAAGTTTAGTGGATGGGCGCTCGATTGCAGCGAAAGCACG
DalpC-4 TATATAGGATCCAGCGCGCCAAAGAAAACACAGAG (BamHI)
DalpA-1 TATATAGAATTCCCATTTTCGGGGTGATGGTTAC (EcoRl)
DalpA-2 CCCATCCACTAAACTTAAACACGTGTCCTGTTTTTGAGCCATGTG
DalpA-3 TGTTTAAGTTTAGTGGATGGGGATGTCATGGGCCAAGCGTTCG
DalpA-4 TATATAGGATCCTCGTGCAGACAAGCTGCGCGTGCC (BamHI)
DalpA-cfp-alpC-4 TATATAGGATCCGTCCTCCTTGAAGTCGATGCC (BamHl)
alpA-Ndel-fw CGCCATATGGCTCAAAAACAGGACACGAC (Ndel)
alpA-EcoRI-rv CCGGAATTCCTAGCGACCGAACGCTTGG (EcoRl)

PalpA-BamHI-fw
alpA-link-rv
eyfp-link-fw
eyfp-Sall-rv
alpA-up-fw
alpA-up-rv
alpC-down-fw
alpC-down-rv
Cg2036-up-fw
Cg2036-up-rv
Phage-LC-for
Phage-LC-rev
ddh-LC-for
ddh-LC-rev
Alp-up-Hind-F
Alp-up-Sal-R
Alp-D-Xba-F
Alp-D-Bam-R
eCFP-Sall-F
eCFP-Xbal-R
AlpC-Sall-F
AlpC-BamHI-os-R
CFP-Sacl-F

cfp EX2 Eco R mS
1890-D301A-F
1890-D301A-R
AlpC-et-F
AlpC-et-R

CGCGGATCCGTCATGGTGGGGCTCCATTAG (BamHl)
GCCAGCAGCGCCGCGACCGAACGCTTGGCC
GGCGCTGCTGGCATGGTGAGCAAGGGCGAGG
CGCGTCGACTTATCTAGACTTGTACAGCTCGTC (Sall)
TGTCATGGTGGGGCTCCATTA
TGTGTTTCCAAAAACCGCTCAAC
AAGGACTTATGATTGCGGCAC
CTGGGGGCTAGAGCGCGCCAA
CACTTCCAAGGAAGATACACGC
ATGTTAAGAGCGTAACGGATATCA
CCCACGTTCACCCCACAAACG
CTAAAATGAAGCCATCGCGACC
ACGTGCTGTTCCTGTGCATGG
GCTCGGCTAAGACTGCCGCT
CAGAAGCTTTGTGGGTGAAGGTACT (Hindlll)
CAGGTCGACCTTGCGTGCTTTCGC (Sall)
CAGICTAGATAATTAATACCTAGTT (Xbal)
CATGGATCCCCACTCATTACCGCC (BamHI)
CATGTCGACATGGTGAGCAAGGGC (Sall)
CATCTCGAGCTTGTACAGCTCGTC (Xbal)
CAGGTCGACATGACCAGCGCTGTGAAT (Sall)
CAGGGATCCCTTGCGTGCTTTCGCTGC (BamHI)
CAGGAGCTCATGGTGAGCAAGGGCGAG (Sacl)
GCGGAATTCTTACTTGTACAGCTCGTC (EcoRl)
CGCCACACAATCGGTGTGGCCGTGGGTGAAGGTACTG
CAGTACCTTCACCCACGGCCACACCGATTGTGTGGCG
CAGCTCGAGATGACCAGCGCTGTG (Xhol)
CAGGGATCCTTACTTGCGTGCTTTCGC (BamHI)
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% In some cases oligonucleotides were designed to introduce recognition sites for restriction endonucleases
(recognition sites underlined, restriction endonucleases indicated in parentheses) or complementary 21mer
sequences for generating overlap PCR products (italics). Amino acid mutations on mutagenesis primers are

indicated in grey boldfacing.

Legend to supplemental movies

Movie S1. AlpC assembles into filaments. Z-stack through C. glutamicum cells expressing AlpC-CFP.
Cells were grown to logarithmic growth phase and imaged using a Zeiss Axioimager M1 as described

in material and methods.

Movie S2. AlpC filaments are dynamic. Time lapse image series of C. glutamicum cells expressing
AlpC-CFP. Cells were grown to logarithmic growth phase and imaged using a Zeiss Axioimager M1 as

described in material and methods.

Movie S3. AlpC filament dynamics need nucleotide hydrolysis. Time lapse image series of

D301A

C. glutamicum cells expressing AlpC -CFP. Cells were grown to logarithmic growth phase and

imaged using a Zeiss Axioimager M1 as described in material and methods. Many cells only show foci
or patches of AlpC-CFP, but no filaments. Indeed only 1.6 % of all cells expressing AlpC”**'*-CFP show
clear filaments. Time lapse analysis shows that these filaments are not as dynamic as wild type AlpC-

CFP filaments.
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6.4 Supplementary Material — ChrSA

Cloning techniques

In-frame deletion mutants of the operons hrtBA, chrSA, and hrrSA were constructed via the two-
step homologous recombination method as described before (Niebisch & Bott, 2001). Therefore, the
corresponding upstream region covering the first 30 bp of the gene hrtB was amplified by PCR using
the oligonucleotides DhrtBA-1and DhrtBA-2. Amplification of the downstream region with the last
30 bp of hrtA was performed with the oligonucleotides DhrtBA-3 and DhrtBA-4. Subsequently, the
up- and downstream flanking region of hrtBA and chrSA were fused via an overlap of 21 bp by
overlap extension PCR with the oligonucleotides DhrtBA-1/DhrtBA-4 and DchrSA-1/DchrSA-4,
respectively. PCR products were ligated into pK19mobsacB at the BamHI and Sall restriction sites.
The pK19mobsacB inserts for the deletion of chrSA and hrrSA were created analogously using the
oligonucleotides DchrSA-1/DchrSA-2 plus DchrSA-3/DchrSA-4 and DhrrSA-1/DhrrSA-2 plus DhrrSA-
3/DhrrSA-4, respectively.

The resulting plasmids pK19mobsacB-AhrtBA, pK19mobsacB-AchrSA, and pK19mobsacB-AhrrSA
were used for the deletion of the corresponding genes in C. glutamicum by homologous
recombination as described (Schafer et al., 1994). Successful deletion was verified by colony PCR and
DNA sequencing (oligonucleotides: DhrtBA-fw/DhrtBA-rv, DchrSA-fw/DchrSA-rv, or DhrrSA-
fw/DhrrSA-rv respectively).

For complementation of the phenotype of AhrtBA and AchrSA, DNA fragments covering the
respective operon were amplified with the oligonucleotides hrtBA-RBS-fw/hrtBA-rv and chrSA-
fw/chrSA-rv, respectively. The DNA fragment of chrSA and its native promoter was cloned after an
Nhel digestion, into the low-copy vector pJC1 (Cremer et al., 1990), while the hrtBA DNA fragment
without the native promoter but with an additional ribosome binding site was ligated into the Pstl
restriction site of the pEKEx2 vector under the control of the IPTG-inducible promoter P, The
C. glutamicum wild type and the deletion strains AhrtBA and AchrSA were transformed with the

resulting plasmids according to a standard protocol (van der Rest et al., 1999).

For overproduction of ChrA with an N-terminal hexa-histidine tag (addition of 20 amino acids
[MGSSHHHHHHSSGLVPRGSH] at the N-terminus of the protein ChrA), the coding region chrA
(cg2200) was amplified by PCR with the oligonucleotides chrA-Ndel-fw and chrA-Hindlll-rv thereby
inserting Ndel and Hindlll restriction sites. The purified PCR product was cloned into pET28b
(Novagen) resulting in the vector pET28b-chrA.

For the construction of promoter fusions of the promoter of chrSA and hrtBA with eyfp,
encoding the yellow fluorescent protein eYFP, 235 bp of the intergenic region of chrSA and hrtBA
were amplified with the oligonucleotides PchrS-BamHI-fw/PchrS-8C-RBS-Ndel-rv and PhrtB-BamHI-
fw/PhrtB-8C-Ndel-rv, respectively, thereby covering the promoter region and the first 24 bp of the
respective gene. After 8 codons, a stop codon, a ribosome binding site and BamHI and Ndel
restriction sites were inserted by the designed oligonucleotides. As N-terminal peptide-tags may

affect protein stability, we used this strategy to translate unaltered eYFP, but to include the first 24
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bp of the leaderless transcripts of chrS and hrtB. The resulting fragments were ligated in front of eyfp
by exchanging the brnF promoter cassette within the vector pJC1-Irp-brnF’-eyfp (Mustafi et al., 2012),
resulting in the plasmids pJC1-P.sa-eyfp and pJC1-P,.zq-€yfp. For the promoter fusion of hmuO and
eyfp, the hmuO upstream region was amplified by using the oligonucleotides PhmuO-Nhel-fw and
PhmuO-RBS-rv, while eyfp was amplified with the oligonucleotides eyfp-RBS-fw and eyfp-Nhel-rv. To
combine both fragments a cross-over PCR was performed with PhmuO-Nhel-fw and eyfp-Nhel-frv.
The final construct consists of 494 bp of the upstream region, the first 41 codons of the hmuO gene
followed by a stop codon, a ribosome binding site and a Nhel restriction site. The cross-over PCR was

ligated in the Nhel restriction site of pJC1, resulting in the plasmid pJC1-Py..0-eyfp.

Identification of transcription start sites (TSS) and promoter regions by RNAseq

A 5’-end enriched RNAseq library was constructed according to the following procedures. 1)
Depletion of stable rRNA and enrichment of mRNA molecules were performed using the Ribo-Zero™
rRNA Removal Kit for Gram-positive Bacteria (Epicentre Biotechnologies). 2) The enriched mRNA was
fragmented by magnesium oxaloacetate (MgKOAc) hydrolysis. Four volumes of RNA solution were
mixed with one volume of MgKOAc solution (100 mM KOAc and 30 mM MgOAc in 200 mM Tris-HClI,
pH 8.1) and the mixture was incubated for 2.5 min at 94 °C. The reaction was stopped by adding an
equal volume of 1 xTE (10 mM Tris, 1 mM EDTA, pH 8) and chilling on ice for 5 min. 3) The
fragmented RNA was precipitated by addition of three volumes 0.3 M NaAc in ethanol with 2 pl
glycogen and incubation over night at -20 °C. 4) The precipitated RNA fragments were dissolved in
water and the 5'-end RNA fragments were enriched by using Terminator™ 5" -Phosphate-Dependent
Exonuclease (Epicentre Biotechnologies). 5) After RNA precipitation (as above), the triphosphates
were removed using RNA 5' polyphosphatase (Epicentre Biotechnologies). 6) After RNA precipitation
(as above), the 5'-enriched, monophosphorylated RNA fragments were used to construct a cDNA

library by using the Small RNA Sample Prep Kit (lllumina).

The fragmentation of RNA molecules (fragment sizes were 200-500 bp) and RNA concentration
were monitored using the RNA 6000 Pico Assay on an Agilent 2100 Bioanalyzer (Agilent). Sequencing
of the cDNA library was carried out on the GA lIx platform (Illumina). Resulting reads were aligned to
the C. glutamicum genomic sequence using the mapping software SARUMAN (Blom et al., 2011). TSS
and promoter regions were deduced by combining published information about promoter regions in

C. glutamicum (Patek & Nesvera, 2011) with 5'-end enriched RNAseq data.
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Table S1. Bacterial strains and plasmids used in this study.

Strains Characteristics Reference
Escherichia coli
E. coli DH5a supE44 AlacU169 ($80lacZDM15) hsdR17 recAl endAl gyrA96 Invitrogen
thi-1 relAl
E. coli BL21(DE3) F ompT hsdSg(rg mg) gal dcm (DE3) (Studier &
Moffatt,
1986)

C. glutamicum

ATCC13032 Biotin-auxotrophic wild type (Kinoshita et
al., 1957)
ATCC13032AchrSA In-frame deletion of the genes chrS (cg2200) and chrA (cg2201) This study
ATCC13032AhrtBA In-frame deletion of the genes hrtB (cg2202) and hrtA (cg2204) This study
ATCC13032AhrrSA In-frame deletion of the genes hrrS (cg3248) and hrrA (cg3247) This study
Plasmids
pK19mobsacB Kan'; vector for allelic exchange in C. glutamicum (pK18 oriVe .o (Schéfer et al.,
sacB lacZa) 1994)
pK19mobsacB-AchrSA Kan', pK19mobsacB derivative with an overlap extension PCR This study
product of the up- and downstream regions of chrS (cg2201) and
chrA (cg2200)
pK19mobsacB-AhrtBA Kan', pK19mobsacB derivative with an overlap extension PCR This study

pJC1
pJC1-chrSA
pEKEx2
pEKEx2-hrtBA

pET28b

pET28b-chrA

pIC1-Pyza-eyfp

pIC1-Pysp-eyfp

pJC1-Pyu0-eyfp

product of the up- and downstream regions of hrtB (cg2202) and
hrtA (cg2204)

Kan', Amp'; C. glutamicum shuttle vector.

pJC1 derivative containing the 1.6 kbp fragment of the genes
chrA and chrS and their native promoter region (250 bp)

Kan'; expression vector with lacl?, Py, and pUC18 multiple
cloning site

PEKEX2 containing the Pstl fragment of hrtB and hrtA under
control of P,

Kan'; vector for heterologous gene expression in E. coli, adding
an N-terminal or a C-terminal hexa-histidine tag to the
synthesized protein (pBR322 oriV¢ i, P17, lacl)

Kan', pET28b-Streptag derivative containing an Ndel, Hindlll
insert of cg2200 for over-production of ChrA (Cg2200) with an
N-terminal hexa-histidine tag.

pJC1 derivative containing the promoter region (235 bp) of the
genes hrtBA with an translational fusion to eyfp. The insert
includes the first 24bp of hrtB, a stop codon and an additional
ribosome binding site in front of eyfp.

pJC1 derivative containing the promoter region (235 bp) of the
genes chrSA with an translational fusion to eyfp. The insert
includes the first 24bp of chrS, a stop codon, and an additional
ribosome binding site in front of eyfp.

pJC1 derivative containing the upstream region (494 bp) of the
gene hmuO with an transcriptional fusion to eyfp. The insert
includes the first 123 bp of hmuO, a stop codon, and an
additional ribosome binding site in front of eyfp.

(Cremeretal.,
1990)

This study

(Eikmanns et
al., 1994)

This study

Novagen

This study

This study

This study

This study
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Table S2. Oligonucleotides used in this study®

Oligonucleotide Sequence 5’ -> 3’ Restriction
site

Primer for deletion plasmids

DhrtAB-1 CGCGGATCCCGCCGTCAGTATTGCAATGATGA BamHI

DhrtAB-2 CCCATCCACTAAACTTAAACATGCGGTGAGTTCTTTTAGTCCTTG

DhrtAB-3 TGTTTAAGTTTAGTGGATGGGGGTCACCTCCTCACACCCCAC

DhrtAB-4 ACGCGTCGACCGTCTTTGGTCTGCAATGACAC Sall

DhrtBA-fw GACCGGTGACAACGCCAACAG

DhrtBA-rv GATGACTGGTGGGGAACGTGAG

DchrSA-1 TATAGTCGACCACTACATCATGCGCAGTAGCG Sall

DchrSA-2 CCCATCCACTAAACTTAAACAAATTCGGGCGATGGTCGCTTGGC

DchrSA-3 TGTTTAAGTTTAGTGGATGGGCAGCGCGGAATTATCTAGACGC

DchrSA-4 TATACTGCAGGTGCTGGTTGGCGCCCAGTTTGG Pstl

DchrSA-fw TTCATCAATACCACGGGCAGGTG

DchrSA-rv TTACGTTGGCTCGCTGCGCTTC

DhrrSA-1 TATACCCGGGGATGTGGCCTTCTAATAGTTAGA Xmal

DhrrSA-2 CCCATCCACTAAACTTAAACACAGCGAGGCTGTCAAAATGTGGA

DhrrSA-3 TGTTTAAGTTTAGTGGATGGGCTCGGCGTGCGGTCACGTACC

DhrrSA-4 TATATATCTAGATGTGTATGGTACACATTTTGTGC Xbal

DhrrSA-fw CTCCTCATGGATGTTGTGTTCCC

DhrrSA-rv AATCAATACACCGGCCAAGCAGG

Oligonucleotides used for complementation

chrSA-fw TCTAGCTAGCGCGGTGAGTTCTTTTAGTC Nhel

chrSA rv TCTAGCTAGCCTAGATAATTCCGCGCTGTC Nhel

hrtBA-RBS-fw AAAACTGCAGAAGGAGATATAGATATGTTTCAAGGACTAAAAGAACTC Pstl

hrtAB-rv TATACTGCAGCTACAGGGTGTGGGGTGTGAG Pstl

Oligonucleotides for overproduction of ChrA

chrA-Ndel-fw TATACATATGATCCGTATTCTGTTGGCTGAT Ndel

chrA-Hindlll-rv TATAAAGCTTCTAGATAATTCCGCGCTGTCTGG HindlIl

Oligonucleotides for promoter fusion studies

PchrS-BamHI-fw CGCGGATCCCGGTGAGGGCAGAGAGGAAAG BamHI

PchrS-8C-RBS-Ndel-rv  CGCCATATGATATCTCCTTCTTAAAGTTCAGATGGTCGCTTGGCTAGTTTTCAC Ndel

PhrtB-BamHI-fw CGCGGATCCCCACACACCCCAATGGCTGG BamHI
PhrtB-8C-RBS-Ndel- CGCCATATGATATCTCCTTCTTAAAGTTCAGAGTTCTTTTAGTCCTTGAAACAT Ndel
rv

PhmuO-Nhel-fw CTA GCTAGCGAAGTTCTTGAAGTGCTGGAAAAGC Nhel
PhmuO-RBS-rv CCATATATCTCCTTCTTAAAGTTCAATCGAGCTTCCCGGTGAGCAGATCA

eyfp-RBS-fw TGAACTTTAAGAAGGAGATATATGGTGAGCAAGGGCGAGGAG

eyfp-Nhel-rv CTAGCTAGCTTATCTAGACTTGTACAGCTCG Nhel

Oligonucleotides for electrophoretic mobility shift assays

gntK-control-fw ATGGTGGCGTCATGCTCGGCCG
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gntK-control-rv
chrS-hrtB-fw
chrS-hrtB-rv
hmuO-fw
hmuO-rv
hrrA-fw

hrrA-rv

chrS-hrtB-motif-fw
chrS-hrtB-motif-rv

hrrA_motif_fw
hrrA_motif_rv
hmuO-motif-fw
hmuO-motif-rv
CgtR8_M1_for
CgtR8_M1_rev
CgtR8_M2_for
CgtR8_M2_rev
CgtR8_M3_for
CgtR8_M3_rev
CgtR8_M4_for
CgtR8_M4_rev
CgtR8_M5_for
CgtR8_MS5_rev
CgtR8_M6_for
CgtR8_M6_rev
CgtR8_M7_for
CgtR8_M7_rev
CgtR8_M8_for
CgtR8_MS8_rev

GGATTTGCCGCAGCCAGAAACGC
GTGTCTGCTACTCGGTCGCGGAC
CACCAACACCAACAAAACGGC
ATGCGCTTGTGCTGGTCAGGGG
TCGGCCTCTTCATGGGCCTGCGC
TAACCTACGAAGACACAGAAG
AGACTTCGCCCACCACTTCAATG
TTCTTGCAGTACGACCAAAGTCGGATTCGC
GCGAATCCGACTTTGGTCGTACTGCAAGAA
AAGGCTAGACTAAAGTACGATTCATCTGCT
AGCAGATGAATCGTACTTTAGTCTAGCCTT
AATTGTTCCAACTAAGGGACTATATGTAGG
CCTACATATAGTCCCTTAGTTGGAACAATT
TTCAACGAGTACGACCAAAGTCGGATTCGC
TTCTTGCAGTACGACCAAAGTCGGATTCGC
TTCTTGCTCATCGACCAAAGTCGGATTCGC
GCGAATCCGACTTTGGTCGATGAGCAAGAA
TTCTTGCAGTAGCTGCAAAGTCGGATTCGC
GCGAATCCGACTTTGCAGCTACTGCAAGAA
TTCTTGCAGTACGACGTTTGTCGGATTCGC
GCGAATCCGACAAACGTCGTACTGCAAGAA
TTCTTGCAGTACGACCAAACAGCGATTCGC
GCGAATCGCTGTTTGGTCGTACTGCAAGAA
TTCTTGCAGTACGACCAAAGTCGCTAACGC
GCGTTAGCGACTTTGGTCGTACTGCAAGAA
TTCTTGCAGTACGACCAAAGTCGGATTGCG
CGCAATCCGACTTTGGTCGTACTGCAAGAA
AAGTTGCAGTACGACCAAAGTCGGATTCGC
GCGAATCCGACTTTGGTCGTACTGCAACTT

® Some oligonucleotides were designed with restriction sites (underlined) as indicated or with

complementary sequences for overlap PCR, shown in italics.
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Table S3. Promoters of putative ChrA target genes.

Gene ID Gene® Promoter sequence TS positionb
cg2201- chrs, agtacgaccaaagtcggaTTcgCgttcatacttagttgatcTATcgTggtggeG nt 2.095.028,
cg2200 chrA leaderless
€g2202- hrtB, gaatcgaccagagcccgaTTaAaAaatgeccccgegcaacgAaAcTagtaatcA nt 2.095.139,
cg2204 hrtA leaderless
cg2445 hmuO ttgttccaactaagggactatatgtaggtgtgggtaacctaaGtTAatcTtttgtgA nt 2.331.195
cg3247 hrrA gaggttgaactaagttctccaactgacgatgagtaaggcTAGACTaaagtacG nt 3.109.880
cg3248 hrrS caagcggtgagcatgatggaagcagecgaggatagtaggTAATGTacgacgcA nt3.111.231

® Operon structures controlled by the same promoter are shown in one box. The -10 and -35
regions are highlighted in bold, conserved bases in capitals. The stop codon of cg3248 (hrrS) is

underlined. The end of the sequence represents the first base of the start codon.

® For the position of the transcriptional start the coryneregnet annotation (www.coryneregnet.de)
for C. glutamicum ATTC 13032 was used.
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Here we report on the construction of a tetracycline inducible expression vector that
allows a tightly regulable gene expression in Corynebacterium glutamicum which is used
in industry for production of small molecules such as amino acids. Using the green fluores-
cent protein (GFP) as a reporter protein we show that this vector, named pCLTON1, is char-
acterized by tight repression under non-induced conditions as compared to a conventional
IPTG inducible expression vector, and that it allows gradual GFP synthesis upon gradual
increase of anhydrotetracycline addition.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Corynebacterium glutamicum is a Gram-positive soil
bacterium that has been used for industrial amino acid
production for decades (Yamada et al., 1972; Aida et al.,
1986; Leuchtenberger, 1996; Ikeda, 2003). Besides that it
has become a platform organism for the production of dif-
ferent chemicals and fuels (Becker and Wittmann, 2011;
see also references therein), as well as for the secretory
production of heterologous proteins (Liebl et al., 1992;
Kikuchi et al., 2006; Meissner et al., 2007). In addition, it
serves as a model organism for the investigation of cell
envelope biogenesis and composition in Actinobacteria
(Hoffmann et al, 2008; Bansal-Mutalik and Nikaido,
2011; Marchand et al., 2011).

Both for basic and applied research it is essential to
have genetic tools which allow controlled expression of
homologous and heterologous genes. Accordingly, a vari-
ety of such vectors have been developed for C. glutamicum.

Abbreviations:  IPTG, isopropyl-p-p-thiogalactopyranoside; ATc,
anhydrotetracycline.
* Corresponding authors. Fax: +49 2461 612710.
E-mail addresses: flausberg@fz-juelich.de (F. Lausberg), r.freudl@
fz-juelich.de (R. Freudl).

0147-619X/$ - see front matter @ 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.plasmid.2012.05.001

Most of these are IPTG inducible (Eikmanns et al., 1991;
Jakoby et al., 1999; Kirchner and Tauch, 2003 ), but also heat
inducible (Tsuchiya and Morinaga, 1988; Park et al., 2008)
and carbon source inducible (Okibe et al., 2010) expression
vectors have been constructed. A great disadvantage of the
so far available regulable expression vectors is the leaky
expression of the target gene in the absence of an inducer
(Patek et al., 2003 and our own unpublished observations).

An expression system which is known to allow tightly
regulated gene expression is the tetracycline inducible
Tet repressor (TetR) based expression system derived from
the Escherichia coli Transposon Tnl10 (Hillen and Berens;
1994). This system has been employed successfully in a
variety of Gram-positive bacteria (Geissenddrfer and
Hillen, 1990; Bateman et al., 2001; Ehrt et al., 2005; Fagan
and Fairweather, 2011). In fact, a previous report has
shown that a TetR based expression system allows con-
trolled expression of a chromosomally encoded gene in C.
glutamicum (Radmacher et al., 2005).

To also allow the use of the TetR-dependent, tetracycline
inducible expression system for regulated expression of
plasmid encoded genes, we have constructed a tetracycline
inducible expression vector for C, glutamicum. The vector is
based on the ColE1 replicon of E. coli, the pBL1 replicon of C.
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glutamicum, it carries the tetR gene under the control of a
strong constitutive C. glutamicum promoter (Radmacher
et al., 2005) and a TetR controllable promoter derived from
Bacillus subtilis (Kamionka et al., 2005). It could be shown
that this newly constructed expression vector allows a grad-
ual induction of a reporter protein and shows a tightly re-
pressed basal expression under non-induced conditions.

2. Material and methods
2.1. Bacterial strains, plasmids, and culture conditions

The bacterial strains and plasmids used in this study are
listed in Table 1. E. coli was grown at 37 °C in Luria Bertani
medium (Miller, 1972). C. glutamicum was grown at 30 °C
in BHI medium (Difco). If required, isopropyl-p-p-thioga-
lactopyranoside (IPTG) was used at a concentration of
1 mM, anhydrotetracycline (ATc) was used at concentra-
tions ranging from 10 to 250 ng/ml. Antibiotic supple-
ments were at the following concentrations: kanamycin,
50 mg/1 (E. coli); 25 mg/l (C. glutamicum). E. coli was trans-
formed with plasmid DNA by the CaCl, method (Cohen
et al,, 1972). C. glutamicum was transformed with plasmid
DNA by electroporation as described previously (Reyes and
Eggeling, 2005).

2.2. DNA manipulation and plasmid construction

All DNA manipulations followed standard procedures
(Sambrook et al., 1989). The following oligonucleotides
were used as PCR primers (restriction enzyme recognition
sites are underlined):

Primerl (AACTGCAGAAGGAGATATAGATATGAGTAAAG
GAGAAGAACTTTTCACTG),

Primer 2 (CGGAATTCTTATTTGTAGAGCTCATCCATGCC),
Primer 3 (AGAGAGCGTACGCGTTTGTTGAACTAATGG
GTGCTTTAG),

Table 1
Bacterial strains and plasmids.

Primer 4 (CTCTCTCTGCAGGTGTATCAACAAGCTGGGGA
TCTTAAG).

Plasmid pEKEx2-GFP was constructed by amplifying the
2fp gene via PCR using primers 1 and 2 and vector pCGTo-
rA-GFP (Meissner et al., 2007) as the template. The PCR
product was digested with Pstl and EcoRI and ligated into
the Pstl/EcoRI digested pEKEx2 vector. pTc105-GFP was
constructed by replacing the lagl? and ptac regions from
PEKExX2-GFP by a TetR controllable promoter from
pPWH105 (Kamionka et al., 2005). The promoter was ampli-
fied via PCR using primers 3 and 4 and pWH105 as the
template, digested with BsiWl and Pstl and ligated
with the 6.9 kb fragment of the BsiWI/Pstl digested pE-
KEx2-GFP. Plasmid pCLTON1-GFP was constructed by
incorporating the tetR gene under control of the strong C.
glutamicum promoter of the glyceraldehyde-3-phosphate
dehydrogenase (pgap) from the vector pJCl-pgap-tetR
(Radmacher et al., 2005) into pTc105-GFP vector. There-
fore, the 1.4 kb BamHI/Dral fragment from pJC1-pgap-tetR
was filled in using the Klenow fragment of DNA polymer-
ase and ligated into the pTc105-GFP vector which had been
digested with BsiWI and was also filled in using the Klenow
fragment of DNA polymerase. After ligation and transfor-
mation of E. coli, different clones where checked by an
asymmetric digestion with Xbal. Xbal cuts once at the
beginning of the tetR gene and once elsewhere in the vec-
tor. Thus a clone could be selected in which the pgap pro-
moter was oriented in opposite direction to the pWH105
promoter. The pCLTON1 empty vector was constructed
by replacing the 3.3 kb Pstl/Pvul fragment encompassing
the gfp gene with the 2.6 kb Pstl/Pvul fragment of pEKEx2,
thus restoring the pEKEx2 multiple cloning site.

2.3. Preparation of whole cell extracts

For protein analysis, C. glutamicum was grown over
night in BHI medium. The overnight culture was washed

Bacterial strains and  Relevant properties® Source

plasmids

Bacterial strains

E. coli XL1-Blue recAl endA1 gyrA96 thi-1 hsdR17 supE44 relAl lac [F proAB lacl? ZAM15 Tn10 (Tet")] Stratagene
(Heidelberg)

C. glutamicum Wild-type Abe et al. (1967)

ATCC13032

Plasmids

PEKEx2 ptac, lacl?, Km" Eikmanns et al.
(1991)

pWH105 pWH102 derivative with second tetO cloned in BamHI site; Ap’, Cm" Kamionka et al.
(2005)

pIC1-pgap-tetR pJC1 containing the tetR gene under control of pgap promoter from C. glutamicum; Km" Radmacher et al.
(2005)

pCGTorA-GFP pEKExX2 containing a torA-gfp hybrid gene Meissner et al.
(2007)

PEKEx2-GFP pEKEX2 containing the gfp gene This study

pTc105-GFP ptac and lacl? deficient variant of pEKEx2-GFP with the B. subtilis derived ptet promoter from pWH105 This study

PCLTON1-GFP pTc105-GFP with pgap-tetR from pJC1-pgap-tetR This study

pCLTON1 C. gluatmicum expression vector with the B. subtilis derived ptet promoter from pWH105 and the tetR gene This study

under control of C. glutamicum pgap promoter from pJC1-pgap-tetR; Km"

2 Ap', ampicillin resistance; Km', kanamycin resistance; Cm", chloramphenicol resistance; Tet", tetracycline resistance.



110 Appendix

144 F. Lausberg et al./Plasmid 68 (2012) 142-147

once with fresh BHI medium and used to inoculate a BHI
medium induction culture to an ODggg of 1.0. Gene expres-
sion was induced at 30 °C for 4 h by the addition of IPTG or
ATc, respectively, as indicated in the results and discussion
section. Cells were separated from the supernatant by cen-
trifugation. Cells were washed in 30 mM Tris/HCI pH 8.0
and resuspended in the same buffer. C. glutamicum cells
were disrupted with 0.1 mm zirconia/silica beads (BioSpec
Products, Inc.; Bartlesville, USA) using a MM2 mixer mill
(Retsch GmbH; Haan, Germany). Cell debris and glass
beads were removed from the whole cell lysate by
centrifugation.

2.4. Miscellaneous procedures

SDS-PAGE and Western blotting were done as de-
scribed earlier (Kreutzenbeck et al., 2007). Immunological
detection of GFP derived polypeptides was performed by
using a polyclonal anti-GFP antibody. Visualization was
done using an ECL Western blotting detection kit (GE
Healthcare; Buckinghamshire, UK) according to the manu-
facturer's instructions. The chemoluminescent protein
bands were recorded using a Fujifilm LAS-3000 Mini CCD
camera and image analyzing system (Fuji Photo Film Eur-
ope GmbH; Diisseldorf, Germany) together with the soft-
ware AIDA 4.15 (Raytest GmbH; Straubenhardt, Germany).

2.5. Fluorescence spectroscopy

C. glutamicum cells were induced for 4 h as described
above. Cells corresponding to an ODggg of 0.5 were taken
from cultures, harvested by centrifugation, washed with
30 mM Tris/HCl pH 8.0 and resuspended in 1 ml 30 mM
Tris/HCI pH 8.0. The suspension was incubated at 4 °C for
further 3.5 h. The relative fluorescence intensity was mea-
sured using a FP-6500 Spectrofluorometer (Jasco Germany

/ ori Cg

7939 bps

GmbH; GroR-Umstadt, Germany) in the “emission spec-
trum” measurement mode together with a precision cell
made of Quartz Suprasil (Hellma GmbH & Co. KG; Miill-
heim, Germany) with a 10 mm light path. The excitation
wavelength was set to 395.0 nm. The emission spectrum
was measured between 410 and 650 nm. The data were re-
corded and evaluated with the “spectra manager” software
1.53.01 (Jasco Germany GmbH; GroR-Umstadt, Germany).

3. Results and discussion

3.1. Construction of a C. glutamicum vector containing a
heterologous promoter with two tet-operator sites and a
constitutively expressed tetR gene

Expression of target genes from vectors with controlla-
ble promoters is an important tool for studying gene func-
tion. Throughout our work with C glutamicum we often
observed leaky expression of genes cloned into expression
vectors with IPTG inducible promoters. Leaky expression of
target genes is often an undesired trait e.g. in a situation
where a low amount of the target gene product is sufficient
to develop a phenotype. As the tetracycline inducible TetR
based expression system has proven its suitability con-
cerning tight expression control in a number of Gram-posi-
tive bacteria (Bateman et al., 2001; Ehrt et al, 2005;
Kamionka et al., 2005; Fagan and Fairweather, 2011), we
addressed the question whether it can also be used advan-
tageously for C. glutamicum. Therefore, we constructed the
vector pCLTON1, containing a TetR controllable promoter
and the tetR gene itself, with its detailed construction out-
lined in the Section 2. Briefly, the plasmid backbone con-
sists of the C. glutamicum expression vector pEKEx2
(Eikmanns et al., 1991) lacking its lagl? and ptac regions.
It contains a multiple cloning site, transcriptional termina-
tors, a kanamycin resistance gene and the origins of

unique restriction sites in pPCLTON1 MCS

Kpnl Sacl
Psil Sall Acc651  EcoS53kl

CACCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTC

Shfl
pgap ptet
«— —
RBS

tetR ; MCS

Fig. 1. Schematic drawing of the tetracycline inducible expression vector pCLTON1. On the left side the entire plasmid is shown including its transcriptional
terminator (t), a kanamyecin resistance marker (Km"), the origins of replication for maintenance in E. coli (ori Ec) and C. glutamicum (ori Cg) and the Tet-
Repressor based expression system, which is displayed enlarged on the right side. It consists of the tetR gene with its ribosome binding site (RBS) under
control of the promoter pgap and the B. subtilis derived TetR-controllable promoter from pWH105 with two TetR binding sites (ptet). The multiple cloning
site (MCS) with its unique restriction enzyme recognition sites is also presented in detail.
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replication for maintenance in E. coli and C. glutamicum.
The TetR-controllable promoter is derived from the B. sub-
tilis vector pWH105 (Kamionka et al, 2005), has two
tet-operator sites and is functional in C. glutamicum (Heyer
and Eggeling, unpublished data). The tetR gene is constitu-
tively expressed by the strong C. glutamicum promoter of
the glyceraldehyde-3-phosphate  dehydrogenase as
described by Radmacher et al. (2005). A schematic drawing
of pCLTON1 is given in Fig. 1.

3.2. The expression of GFP from pCLTON1-GFP is tightly
repressed under non-induced conditions and can gradually be
induced by increasing inducer concentrations

In order to analyze the functionality of the newly con-
structed tetracycline inducible C. glutamicum expression
vector pCLTON1, we chose a variant of GFP (GFPuv) from
the jellyfish Aequorea victoria as reporter protein (Chalfie
etal., 1994; Crameriet al., 1996). The gene encoding GFP(uv)
was cloned into pCLTON1 and into the parental IPTG induc-
ible expression vector pEKEx2 as outlined in the Section 2.
The resulting vectors pCLTON1-GFP and pEXEx2-GFP were
used to transform C. glutamicum. As a control, C. glutamicum
was also transformed with the empty pCLTON1 vector. GFP
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expression was induced with anhydrotetracyline (ATc) con-
centrations ranging from 10 to 250 ng/ml culture. The strain
harboring the empty pCLTON1 vector was cultivated either
uninduced or induced with 250 ng/ml ATc. The strain con-
taining the pEKEx2-GFP vector was also cultivated unin-
duced or induced with 1 mM IPTG.

The Western-blot presented in Fig. 2A clearly shows
that pCLTONT1 is functional as GFP is expressed in an ATc
dependent manner. The GFP expression from pCLTON1-
GFP is tightly repressed under non-induced conditions,
here only a faint band is visible. GFP expression gradually
increases at ATc concentrations between 25 and 150 ng/ml.
At ATc concentrations of 150 ng/ml and higher the GFP
expression from pCLTON1-GFP is fully induced. When
comparing the GFP expression of the strain harboring the
newly constructed, ATc inducible pCLTON1-GFP with the
GFP expression of the strain with the IPTG inducible
pEKExX2-GFP vector under fully induced conditions, it is
evident that the GFP expression level is somewhat lower
in the case of the ATc inducible pCLTON1 vector. As a
consequence of this observation, pCLTON1 is probably
not the vector of choice when high levels of a desired
target protein are required. However, it is also evident
from the Western-blot that the GFP expression is much

_ pEKEx2 -GFP + IPTG
/ pCLTONI1-GFP 250 ng/ml ATc
pCLTONI1-GFP 150 ng/ml ATe
pCLTONI-GFP 100 ng/ml ATc
pCLTONI1-GFP 75 ng/ml ATc
pCLTONI-GFP 50 ng/ml ATc
pEKEx2 -GFP - IPTG
pCLTONI-GFP 25 ng/ml ATc
pCLTONI-GFP 10 ng/ml ATc
pCLTONI1-GFP 0 ng/ml ATe
pCLTONI 0 ng/ml ATec
pCLTONI 250 ng/ml ATc
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Fig. 2. pCLTON1 based expression of GFP in C. glutamicum. (A) Analysis of GFP expression on protein level. Whole cell lysates of induction cultures from C.
glutamicum containing plasmids pEKEx2-GFP (lanes 1 and 2), pCLTON1 (lanes 3 and 4) or pCLTON1-GFP (lanes 5-12) were prepared. Of each strain, whole
cell lysates from 1 ml culture with an ODggp of 0.25 were used for SDS-PAGE and Western blotting using GFP-specific antibodies. IPTG was used to induce
GFP expression of the strain containing pEKEx2-GFP. ATc was used to induce GFP expression of the strains containing pCLTON1 and pCLTON1-GFP. The
respective inducer concentrations are indicated above the corresponding lane. Arrow = GFP. (B) Analysis of GFP expression by fluorescence measurement.
Cells corresponding to an ODgqg of 0.5 were taken from the same cultures described in (A), treated as explained in the Section 2 and used for measurement
of the fluorescence emission of whole C. glutamicum cells. The emission spectrum from 475 to 600 nm is shown. The strains and the used inducer

concentrations are assigned to the respective emission curve by arrows.
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tighter repressed in the case of pCLTON1-GFP in compari-
son to pEKEx2-GFP under uninduced conditions. As men-
tioned above, the strain carrying pCLTON1-GFP only
shows a faint GFP-band without ATc (Fig. 2A), whereas
the strain with the pEKEx2-GFP vector shows a clear GFP
protein band due to leaky expression of GFP in the unin-
duced state from the [PTG controllable promoter.
Furthermore, we also determined the GFP-fluorescence
of the strains carrying the different expression vectors
(Fig. 2B). In agreement with the protein data from
Fig. 2A, a clear ATc dependent gradual increase of the
GFP fluorescence was observed within the strains carrying
pCLTON1-GFP. The measurement also confirms that gene
expression from pCLTONT1 is tightly repressed under unin-
duced conditions as there is only a very low fluorescence
peak at 509 nm whereas the strain carrying the pEKEx2-
GFP vector shows a clear fluorescence peak even without
inducer. Due to the tight repression of gene expression un-
der uninduced conditions, pCLTON1 will be very useful for
studies that demand tight repression of the target gene.

4, Conclusion

In the present work we have implemented a tetracy-
cline inducible, plasmid based expression system consist-
ing of the tetracycline controllable transcriptional
repressor TetR and a heterologous promoter with two TetR
binding sites for use in C. glutamicum. The newly con-
structed expression vector allows a gradual expression of
a target gene and clearly outperforms a representative of
IPTG inducible C. glutamicum expression vectors concern-
ing the level of repression of gene expression under non-
induced conditions.

This vector can be especially beneficial, when the exper-
imental setup demands tight repression of the expression
substrate e.g. when studying the function of genes by con-
ditional gene knockdown or for the expression of toxic
gene products.

Besides the potential benefits of pCLTON1 concerning
the tightly repressable target gene expression, it also ex-
pands the range of tools for the genetic manipulation of
C. glutamicum in another way. pCLTONT1 is the first de-
scribed ATc inducible C. glutamicum expression vector
and it can be of great advantage when the experimental
strategy demands the use of two differentially controllable
expression vectors in one host.
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